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Colorado’s Wattenberg Field is a giant natural gas and oil field. Since its discovery in the 
1970’s, the field ranks as the seventh largest domestic natural gas field in the United States, with 
cumulative production according to IHS 210 MMBo and 4.03 Tcf. The Codell serves as an 
important and highly productive r servoir in the area. The Late Turonian Codell Sandstone 
Member of the Carlile Shale is a zone which has produced almost exclusively from the 
Wattenberg Field since production from the formation began in 1981 with little to no success 
elsewhere in the basin until recent years. With advancements in multi-stage hydraulic fracturing 
and horizontal drilling there has been renewed interest in the development and continued 
exploration of the Codell Sandstone. This study is meant to focus on the geologic reservoi 
characterization of the Codell Sandstone in Wattenberg Field, and understand the future potential 
for the Codell play that remains untapped. 
The Codell Sandstone within Wattenberg Field is the low porosity (4-12%), low 
permeability (<0.1 mD) member of the Carlile Shale Formation. The sandstone was deposited on 
a shallow marine shelf below normal fair-weather storm wave base under low energy conditions. 
The Codell is the upper member of the Carlile Formation and unconformably overlies the lower 
Carlile Shales or the Greenhorn Marlstones and is unconformably overlain by the Fort Hays 
Member of the Niobrara Formation. Within the study area the Greenhorn and Niobrara 
Formations are considered to be the main source beds for the Codell hydrocarbon accumulations.  
Throughout Wattenberg Field the Codell Sandstone contains three distinct fac es. The 
first of which is highly bioturbated and thick (7-15 ft), and is found at the very top and very 
bottom parts of the sandstone and encapsulates the other two facies. Facies #2 is thinner(1-10 ft) 
containing clay laminae with sand-filled burrows, and is found in the middle part of the Codell. 
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The third facies, facies 3, is the most distinct of the three with low angle (hummocks) cross-
stratification. In total the three facies of the Codell are on average 10 to 30 ft thick.  
High clay content, sometimes exceeding 25%, within the Codell Sandstone lead to the 
low permeability and low resistivity observed. Within the study area the Codll is classified as a 
“tight” oil and gas sand, with a dual porosity system. 
Hydrocarbon entrapment in the Codell Sandstone is due to a combination of low 
permeability, stratigraphic compartmentalization, structural compartmentalization, nd clay 
smearing in faults. This makes the Codell play a combination play, with areas of continuous 
accumulation along with some areas of discontinuous accumulations. High temperature and 
pressure anomalies, as well, coincide with increased production rates within the Central 
Wattenberg Field. 
The future of the play will see increased horizontal drilling on closer spacing, and more 
precisely designed hydraulic fracture stimulations with multiple stages. In the long run there will 
be lower drilling and completion costs, which will make the play as profitable as possible.  
The culmination of this entire study can be a basis for future exploration around the 
world. Identifying tight, bioturbated, shelf-deposited sandstones and using the conclusi  drawn 
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CHAPTER 1  
INTRODUCTION 
The Codell Sandstone has been one of the most productive unconventional plays in the 
lower 48 of the United States over the last four decades. The sandstone lies just below the 
Niobrara Formation (Figure 1-1), and is a Late Cretaceous sedimentary rock which makes up the 
uppermost member of the Carlile Shale Formation. The Codell Sandstone produces various types 
of hydrocarbon fluids. The depth of the producing formation in the Wattenberg Fi ld ranges 
from 6,800-7,500 ft (MD). 
There has been production from the Wattenberg Field for more than 40 years. Yet, the
field is just starting to get to the peak of its productive life. There are few fields that have seen a 
continuous increase in production for more than 40 years.  
When operators first began drilling in the Wattenberg Field, specifically focusing on 
Codell wells, operators such as Encana among others gave an original estimated ultimate 
recovery of 1.3 Tcf (Encana, 2011). This was considered to be a fairly substantial estim te, one 
that had operators flooding into the field and drilling. In 1970, 320 acre units for drilling and 
spacing were allowed for the J Sandstone wells. The Codell in the Wattenberg Field was 
discovered in 1981. In 1983 the spacing had been dropped down to 80 acre spacing. In 1998, the 
Colorado Oil and Gas Commission implemented ‘Rule 318A’ which allowed 5 wells per quarter 
section in the Wattenberg Field, which affected 81 townships (Figure 1-2). Finally 2005, ‘Rule 
318A’ was modified to allow for section line and quarter section line wells. Thi  ultimately 
affected 27 townships, and meant that wells could be drilled as close as 20 acre spacing (Figure 




Figure 1-1: Modified from Sonnenberg (2015). Stratigraphic column for the Denver Basin. 




Figure 1-2: Modified from Encana (2011). Wells drilled in a section. 32 acre spacing led to 5 
wells per quarter section for a total of 20 wells per section. On the right Rule 318A showing 20 
acre spacing leading to 8 wells per quarter section for a total of 32 wells producing form the 
same formation per section. 
 
The Codell Sandstone rests between 6,900 and 7,300 ft MD within the Wattenberg Field. 
It has a gross sand thickness of between 10 to 30 ft depending on the location, and within that the 
net pay has been found to be 5 to20 ft thick. This makes it an ideal vertical and horizontal target. 
The Codell Sandstone has found the most economic success in the central part of the Denver 
Basin, namely the Wattenberg Field. When drilling began, the operators were only concerned 
with vertical drilling, but with advancements in technology for both horizontal drilling and 
completing these wells, operators began to see the potential of the unit. 
Operators have reentered vertical wells, and used hydraulic fracture stimulation to 
enhance production. There have been records of operators using hydraulic fracture stimulation 
multiple times on single wells (Ladd, 2001). Operators who hydraulically re-fracture their 
vertical wells, have often times seen production return nearly to or above their original levels. 
Furthermore, operators are beginning to drill horizontal wells. Operators are drilling the 
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horizontal wells between existing vertical wells on 100 to 120 acre spacing (approximately 700 
to 1000 feet between laterals). They have also begun placing horizontal wellbores in the 
overlying Niobrara Formation.  
 
Throughout the entirety of the Wattenberg Field there are over 7,000 Codell Sandstone 
producing wells currently (Figure 1-3). From those wells current production is approximately 1.2 
 
Figure 1-3: Map displaying all Codell wells that have been drilled in the Wattenberg Field. 
Wattenberg Field outlined and labeled in red. Major cities are outlined and labeled. 
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Bcfe per day. The production from the entire field currently is 105,000 Bo and 700 MMcfg per 
day. This level of production makes the Wattenberg the seventh largest producing gas field in the 
United States, and the largest in all of Colorado. Since its discovery nearly four decades ago, 
Wattenberg has produced almost four times the original estimated ultimate recovery. There has 
been over 210 MMBo and 4.03 Tcf produced from many horizons such as the D and J 
Sandstones, as well as the Niobrara and the Codell (Figure 1-4). 
With a finite amount of space remaining, due to the drilling that has already taken pl c , 
a better understanding of this reservoir is needed in order to continue increasing production. 
With operators trying to understand where they can drill, and how they can maximize their 
production numbers, reservoir characteristics are required. Weimer and 
Sonnenberg (1983), Weimer et al., (1986), Ladd (2001), Birmingham (1998, 2006), Birmingham 
et al., (2001), and Sonnenberg (2014, 2015) have all studied the Codell Sandstone in the 
Wattenberg previously. Through examining their work and creating a new way of examining the 
reservoir ultimately an improved approach to drilling and producing from the Codell Sandstone 
can be obtained.  
 
Figure 1-4: Daily production rates for the Wattenberg Field from 1970 until present. Oil rates on 
the left are colored in green while gas rates on the right are colored in red. I formation comes 
from IHS Enerdeq.  
5 
 
1.1. Study Objectives 
Although Krutak (1970), Dickinson (1974), Sonnenberg and Weimer (1983), Weimer et 
al. (1986) Panigoro (1988), Ladd (2001), Birmingham (1998, 2006), Birmingham et al. 
(2001)and Sonnenberg (2014, 2015) have all completed studies on the Codell Sandstone in the 
past, a new and in depth characterization of the reservoir using new ideas and new technology 
can be performed. Operators drilling the Codell Sandstone have consistently been increasing 
production through: closer spaced drilling, hydraulic fracture stimulation, and horizontal drilling. 
The question becomes how does a reservoir with low porosity, low permeability, and high 
amounts of bioturbation have vertical wells that average ultimate recoveries greater than 30 Mbo 
and 100 MMcf. This thesis project is aimed at producing a geologic reservoir characterization of 
the Codell Sandstone within the Central Wattenberg Field. The ultimate goal is to garner a 
complete understanding of the geologic factors driving this production. Once the geologic 
reservoir characterization is complete, and an understanding of the geologic factors, an economic 
evaluation can be completed in order to better forecast the future of the play.  
1.2. Study Area 
The Wattenberg Field is located slightly east of the Colorado Front Range and just to the 
north east of Denver, Colorado. It is part of the Central Denver Basin, which extends from 
northern Colorado into southeastern Wyoming. The field in its entirety covers nearly 1.9 million 
square miles, encompassing T1S-7N and R63W-69W .With such an immense area to cover, and 
the almost 37,000 total wells that have been drilled within it, the decision was made to condense 
the study area. The study area will be called the Central Wattenberg Field and covers T4N-6N 
and R64W-67W (Figure 1-5). There are three Codell Sandstone cores used in this study; from 




Figure 1-5: Location map showing the outline of the Wattenberg Field labeled and outlined in 
red and Central Wattenberg Field in blue. Cities are outlined and labeled. 
 
 
Figure 1-6: Map displaying names and locations of the three cores used in this thesis. Codell 




1.3. Purpose and Methods 
Through the integration of multiple data sets this study will quantify the reservoir quality 
through an in-depth reservoir characterization f the Codell Sandstone. This study will ultimately 
lead to a better understanding and possible future applications to similar reservoirs around the 
world. This study was accomplished through multiple steps, and include: core descriptions and 
analyses of three cores provided by the USGS; the Petro Quest State B-41-36 located in the 
southeastern part of the Central Wattenberg Field (T4N-R64W Sec. 36), the Dome Petroleum 
Franks #1-13 located in the central part of the Central Wattenberg Field (T4N-R65W Sec. 13), 
and the Brooks Exploration Harrington #2-30 located in the northwestern part of the Central
Wattenberg Field (T6N-R66W-Sec. 30). The cored wells are displayed on Figure 1-6. Next, X-
Ray Difraction (XRD) was analyzed for the cores. The next step wasto describe and analyze 
petrographic thin sections provided by the USGS on all three of the aforementioned cores. The 
next step was to preform detailed analysis on the three cores using the Field Emission Scanning 
Electron Microscope (FESEM). The USGS agreed to allow pieces from each core to be used for 
the examination. With the completion of FESEM analysis, selective samples w re shipped to 
PoroTechnology for Mercury Injection Capillary Pressure (MICP) analysis. The final step was to 
create stratigraphic and production maps through the use of IHS PetraTM software. This final step 
also included preparing completion comparison techniques between the best and worst 
preforming wells within the study area.  
The first step was working with the cores. That step included trips to the USGS Core 
Research Center in order to finalize core descriptions and obtain the petrographic thin sections. 
Once the core descriptions were completed, then the samples were obtained for further analysis. 
The core descriptions, and XRD analyses lead to an understanding of lithology, texture, and 
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primary/secondary sedimentary structures. Trace fossil assemblages were used to better define 
the depositional environments. 
With the core descriptions completed a more in-depth analysis began, with petrographic 
thin section description and analyses. The petrographic thin sections used are from multiple 
facies within the three cores.  In order to better understand the reservoir and how it operates 
petrographic thin sections were used to help describe lithology and the pores that exist. By 
looking at the petrographic thin sections, an enhanced understanding of the pore network and the 
possible hydrocarbons pathways was described. 
For an understanding of the pores that are present and the movement of the hydrocarbons 
through the system, the FESEM tool was utilized. The author was trained on the FESEM in the 
Metallurgy Department and Geology Department, and had access to it during regular office 
hours. Using this tool helped to reveal pore and geometries. The samples were also examined for 
micro-fractures.  
Following FESEM analysis, selective samples that showed the best porosity were 
obtained and sent to PoroTechnology for MICP analysis. MICP (Mercury Intrusion Capillary 
Pressure) analysis provides pore volume distribution. This helped to quantify pore throat size 
estimates.  
An important step was the stratigraphic mapping, and analyzing historical production 
data. Understanding what and where the best production has come from lead to a more clear 
understanding of what and how geologic factors controlled production. Knowing the key factors
that are present for wells that underperform is perhaps as important as knowing the factors that 
are present for wells that outperform projections. Understanding what factors may contribute to 
wells that are not economically productive reveals part of the reservoir story. It shows what 
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factors must be taken in to account in order to avoid drilling less productive and uneconomical 
wells. Examples of these factors would include areas of extremely low porosity, little to no sand, 
and a lack of connection with natural fractures.   
The final step in the research was to complete an integration of all the data that has been 
obtained throughout the project. An understanding of all the lithological make-up of the Codell 
Sandstone will  ultimately lead to a better overall understanding of the reservoir. Looking at 
petrographic thin sections, FESEM, and the resulting MICP data lead to an understanding of the 
pore systems that re present along with their role in the production of hydrocarbons. Finally, 
bringing everything together along with the historical production data available, should 
ultimately lead to a better understanding of the reservoir and help to explain why production has 




CHAPTER 2  
BACKGROUND GEOLOGY 
The following chapter will provide a thorough review of work that has previously been 
produced on the Codell Sandstone. It will cover a full geologic background of the Codell 
Sandstone in the Wattenberg Field. 
2.1. Geologic Overview 
The Codell Sandstone, the upper member of the Carlile Shale Formation in the Rocky 
Mountain area, was deposited in the Western Interior Seaway approximately 89 million years 
ago (Ma) (Sonnenberg, 2014; Panigoro, 1988). The Cretaceous Western Interior Basin was a 
foreland basin formed during the Sevier Orogeny. The basin was covered during periods of the 
Cretaceous by a relatively shallow inland seaway. This seaway connected the proto-Gulf of 
Mexico and Boreal, or proto-Artic, oceans across the interior of North America and was 1000 to 
1500 miles in width during highstands (Figure 2-1) (Weimer, 1960). In a structural context, the 
Western Interior Basin can be referred to as a foreland basin (Weimer, 1970; Dickinson, 1974). 
The Late Cretaceous – Early Tertiary Laramide Orogeny divided the Western Interior Basin into 
smaller basins, one of which is the Denver Basin.  
The Denver Basin is a north-south trending, asymmetrical structural basin with a broad, 
gently-dipping eastern flank and a steeply-dipping western flank adjacent to the Colorado Front 
Range. It is bounded on the north and northeast by the Chadron Arch (Sonnenberg, 2014). The 
Las Animas Arch forms the Denver Basin’s southeastern boundary and separates it f om the 
northwestern extension of the Anadarko Basin (Panigoro, 1988). The sediments deepen to the 
northwest until they are uplifted due to the Front Range (Figure 2-2).  The deepest part of he 
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basin is 13,000 ft and runs north to south along the Front and Laramide Ranges (Sonnenberg, 
1987).  
The Codell Sandstone is a member of the Carlile Formation. The sandstone is 
unconformably overlain by the Niobrara Formation or Jauna Lopez Calcarenite across much of 
the Denver Basin (Sonnenberg, 2014). There are also areas in which the Codell is in transitional 
contact and unconformable with the Blue Hill Shale Member of the Carlile Formation. 
 
 
Figure 2-1: Probable distribution of land and sea in North America during late Cretaceous time 
showing where the epeiric seaway divided Notrth America. The Wattenberg Field is located in 





Figure 2-2: Structural cross section across the Wattenberg Field. Showing gently dipping structure from East to West until a steep 
uplift due to the Laramide Orogeny. The approximate top of the oil window is shown, with the Codell within the mature 
hydrocarbon generation zonein the Wattenberg Field. (Modified from Sonnenberg, 2015). 
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The Codell Sandstone is a member of the Carlile Shale Formation. During Codell 
deposition 89 Ma in the Turonian, the study area was located near 30 degrees N paleolatitude 
(Blakey, 2010). During the Cretaceous, there was a seaway which divided the North Ame ican 
continent and extended from the north through the south. Within this fairly shallow seaway, 
limestone, sandstone, and shale were deposited. The siliciclastic materially mostly came from the 
fold-thrust belt and volcanic areas to the west of the seaway. The current topography of the 
Rocky Mountain region can be related to the uplift and erosion which occurred during the 
Cenozoic (Anderson, 2011). 
Due to the erosion of pre-Niobrara strata, the Codell Sandstone became discontinuous 
and the thickness varies throughout the Denver Basin (Weimer and Sonnenberg, 1983). The 
maximum thickness of the Codell occurs in the Northern Denver Basin where it can be almost 
100 feet thick. In comparison, the Codell reaches a maximum thickness of only 40 feet in th  
southern Denver Basin (McLane, 1983). In the Wattenberg area, the Codell ranges in thickness 
from 10 to 30 ft.  
Weimer and Sonnenberg (1983) differentiated the Codell Sandstone into three types of 
sandstone which are found in different areas of the Denver Basin(Figure 2-3). Weimer and 
Sonnenberg (1983), along with Aulia (1982), and McLane (1983) studied and described all three 
types of Codell. Type 1 sandstone is found in the southern Denver Basin and has good porosity 
and permeability, except where occluded by calcite cement (Weimer & Sonnenberg, 1983). Type 
2 sandstone is found in the west-central part of the Denver Basin. Finally, Type 3 Codell 
sandstone is occurs in Wyoming and Nebraska, and is the thickest of all type in the Codell 
(Weimer & Sonnenberg, 1983). Within the Wattenberg Field only Type 2 Codell is present, thus 
this study will only deal with Type 2. 
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Type 2 Codell Sandstone can be found in the north-central part of the Denver Basin. All 
Codell that is found in the Wattenberg Field is Type 2 Codell. This type is generally 
impermeable, reworked, and interbedded clay and sand deposits. It is classified  a fine-grained 
marine shelf deposit without central bar facies (Weimer and Sonnenberg, 1983). Petroleum 
discovered from the Type 2 Codell has been productive for almost four decades. The majority of 
production from the Codell has come from the Wattenberg Field. Though, more so in recent 
years, production has been seen in the other types of Codell Sandstone. 
 
Figure 2-3: Distribution of the Codell Sandstone. The three different types are shown withi the 
Denver Basin. The “Codell Play” is essentially the outline of the Wattenberg Field. (Modified 
from Weimer & Sonnenberg, 1983) 
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Most production throughout the Denver Basin, and specifically in Wattenberg Field has 
come from Cretaceous strata, namely the D and J Sandstones (Clayton and Swetland, 1980). 
Advancements in technology have helped the Codell be a drilling target for more than four 
decades. Horizontal drilling along with multi-stage hydraulic fracture stimulation has extended 
the life, and possibly the area, of this attractive and profitable play within the Wattenberg Field.  
 
Figure 2-4: Greater Wattenberg Area outlined, showing the Wattenberg thermal anomaly and its 
position relative to the Colorado Mineral Belt. Major wrench faults and other fault systems are 
also shown. (Modified from Birmingham , 2006). 
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The Greater Wattenberg Area (GWA) thermal maturation and hydrocarbon generation 
occurs due to the presence of abnormal geothermal gradients seen in elevated vitrinite 
reflectance values, bottom-hole temperature recorded on logs, and gas oil-ratios in production 
reservoirs (Meyer and McGee, 1985; Higley et al., 2005). Economic accumulations of 
thermogenic oil and gas had been created in local association to the Wattenberg “hot spot”. The 
source of the heat flow is thought to be an igneous intrusion at depth in basement rocks 
(Sonnenberg, 2015). The t mperature anomaly coincides with the intersection of the Denver 
Basin and the Colorado Mineral Belt, which is a northeast trending zone across Colorado of Late 
Cretaceous and Tertiary age mineralization associated with high heat flow (Figure 2-4). This 
“hot spot” also creates above normal pressure gradients within the GWA (Zhao, 1996). These 
pressures were created in response to hydrocarbon generation due to the increasd thermal 
maturation of organic-rich source rocks. The tight nature of the source rocks present in the GWA 
created a high-pressured compartment within the Cretaceous interval. This over-pressurization 
has helped charge the Codell unconventional play, as well as the D, J Sandstones, and Niobrara 
Formation (Weimer, 1996).  
2.2. Tectonics 
The tectonics of Colorado played an important role in the deposition and hydrocarbon 
potential of the Codell Sandstone. Tweto (1975) divided the tectonic history of Colorado into 
five main periods: (1) Precambrian, (2) Early and Middle Paleozoic, (3) Late Paleozoic, (4) Late 
Cretaceous to Eocene, and (5) Neogene. The first period, the Precambrian, was characterized by 
widespread faulting, periods of batholithic intrusions and constant repeated folding. The next 
period, the Early and Middle Paleozoic were times of local fault movement accompanied by 
repeated epeirogeny, which was later followed by localized major uplift in the Late Paleozoic. 
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During the Late Cretaceous to Eocene, the Laramide Orogeny created deep structural basins and 
uplifts in Colorado. The final and most recent period, the Neogene, was categorized by 
widespread igneous activity later followed by extensioal block faulting. Tweto (1980) also 
theorized that many of the younger uplifts were rejuvenations along fault bounding of the Late 
Paleozoic uplifts.  
Several authors, including Jordan (1981) along with Schedl and Wiltschko (1984) 
speculated that the primary cause for foreland basin subsidence in the Western Interior of North 
America was the regional isostatic compensation due to loading by thrust sheets and their 
erosional debris.  
In addition to their speculation on foreland basin subsidence, Schedl and Wiltschko 
(1984) delivered evidence that intermittent thrust movement drives periodic transgression and 
regression. The movement of the Crawford/Meade and the Absaroka thrusts in the overtrust belt 
as followed by the rapid deposition of voluminous, alluvial-fan dominated sediments, as shown 
by Schedl and Wiltschko (1984) (Figure 2-5). 
Downwarping in Colorado, Wyoming, and Utah during Campanian time cannot be 
explained by thin-skinned thrust loads alone, as argued by Cross and Pilger (1978). They 
suggested an explanation, through a model of isostatic subsidence by subcrustal loading and 
subcrustal cooling, associated with the shallow subduction of the Farallon Plate. The subduction 
of this Farallon plate under the North American Plate caused the Sevier and Laramide Orogenies 
(Jordan, 1981; Decelles, 2004; Wicander and Monroe, 2004).  
Both the Sevier and Laramide Orogenies had a large effect on the deposition of the 
Codell Sandstone, along with the overlying and underlying strata. Starting in the Cretaceous, the 
Sevier Orogeny resulted in a fold and thrust belt that trended north-south in the Western United 
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States, Mexico, and Canada. The subsequent mountain ch i  that was formed from this was the 
source for most sediment deposited in and along the Cretaceous Interior Seaway.  
 
Figure 2-5: From Panigoro (1988) after Schedl and Wiltschko (1984). The relationship between 
tectonic events and the facies distribution is shown in the Idaho Wyoming thrust belt. The Codell 
Sansdstone is correlative with the Frontier Formation (Turonian). 
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The Laramide Orogeny started in the Late Cretaceous and ended in the Early Tertiary. 
This pulse of mountain building was located east of the Sevier Orogeny and is the major cause of 
the current Rocky Mountain ranges and basins (Wicander and Monroe, 2004). The Pierre Shal  
was deposited during the early part of the Laramide Orogeny and buried some of the source 
rocks surrounding the Codell Sandstone to a depth where petroleum generation took place. 
2.3. Sedimentation 
The Western Interior Cretaceous Basin of North America extends from the Gulf of 
Mexico to the Arctic Ocean. During Early Cretaceous time, seas encroaching from no th and 
south merged to form a continuous epeiric seaway (Rice and Gautier, 1983).  
Kauffman (1977) defined the Cretaceous Basin by known limits of marine, marginal 
marine, and coastal sedimentation during periods of maximum flooding by epicontinental seas 
(Late Cenomanian – Early Turonian). 
Weimer (1960, 1984) concluded that depositional patterns in the Upper Cretaceous were 
controlled by four major transgressive-r gressive cycles (Figure 2-6). Based upon this 
conclusion, the first regressive cycle occurred during the Turonian sea-level drop around 90 Ma. 
Within the Central Wattenberg Field, this sea-l vel drop caused erosion on top of the Fairport 
Member of the Carlile Formation underlying the Codell Sandstone. During the subsequent rise in 
sea-level, the Codell Sandstone was deposited above the surface of erosion. Prior to deposiion of 
the Niobrara Formation, part of the Carlile had been eroded which is why the Niobrara 
disconformably lies over the Codell. In the central part of the Denver Basin the entire Codell 
Sandstone has been removed, leaving the Fort Hays resting directly on top of the Lower Carlile 
(Weimer and Sonnenberg, 1983). Thus, the Codell Sandstone, where present, is bound by 
erosional unconformities and does not represent its original depositional thickness. Th  econd, 
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third and fourth regressive cycles were related to the major sandstone expansions in the Western 
Interior Basin.  
 
Figure 2-6: Faunal zones and formations along with sea level curve. Four clear cycles appear. 
(After Obradovich and Cobban, 1975; modified by Fouch et al, 1983; Weimer & Sonnenberg, 
1983; & Weimer, 1986).  
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Understanding the transgressive and regressive sea level cycles leads to the interpr tation 
that the Codell Sanstone was initially sourced from Frontier equivalent delta system  in 
Wyoming during the 90 Ma lowstand and would be representative of the shelf component of a 
late lowstand systems tract which later developed during the subsequent Niobrara cycle 
transgression (Caraway, 1990). During mid-late Turonian storm processes that were occurring 
along the inner shelf margin created amalgamated storm sheet deposits. Later in time a 
deepening the seaway occurred, which restricted sediment influx onto the shelf. This further 
deepening of the seaway placed the Codell Sandstone beyond the reac  of episodic storm 






CHAPTER 3  
CORES 
Cores of the Codell Sandstone used for this study are located centrally in the Central
Wattenberg Field study area (Figure 3-1). The three cores, all located in the USGS Core Lab in 
Denver, Colorado, were studied in detail and petrographic thin sections, as well, from these cores 
were analyzed. The cores were selected because of their current proximity, their availability for 
testing, and their coverage of the Central Wattenberg Field. The cores were also sampled for 
further FESEM and MICP data analysis.  
 
Figure 3-1: Location map with the Central Wattenberg Field outlined, and the location and 
names of the cores used in this study. 
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3.1. Facies Descriptions 
Through the description of three cores located within the Central Wattenb rg Field, three 
facies were identified. Some facies can be noted multiple times in the cores observed. All three 
cores show the contacts with the overlying Fort Hays Member of the Niobrara (Figure 3-2) and 
underlying Carlile Shale. All three facies’ descriptions and interpretations have been summarized 
and displayed in Table 3-1. 
 
Figure 3-2: Sharp possibly erosional contact between the Ft. Hays Limestone and the underlying 
Codell Sandstone. Dome Petroleum, Frank #1-13, T4N-R65W-Sec. 13, 7026 ft. 
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Facies 1 is a poorly-sorted, massively bioturbated, very fine- to medium-grained, clayey 
to silty, sandy siltstone to sandstone (Figure 3-3). This facies is the thickest and most dominant 
of all three facies in the Central Wattenberg Field. It was observed in all three cores, and ranges 
from 8 to 13 feet thick. The facies is found at the very bottom and very top of the Codell 
Sandstone. It fully encompasses the other two facies. This facies is medium- to light-grey in 
color. Bioturbation is extensive and pervasive with Teichichnus abundance along with Skolithos 
and Teredolites being the dominant ichnofacies (Figure 3-4). There is some evidence of low-
angle cross-bedded intervals less than 1 cm in thickness, but these are rare. The primary 
sedimentary structures have been obliterated through bioturbation. Other consequences of 
bioturbation are the mixing of sand with clay and silt that were likely separated into istinct 
beds.  Thus, this facies can be interpreted to represent a slow rate of deposition with 
discontinuous bottom currents, along with well-oxygenated water depth.  
 
Table 3-1: Description and interpretation table for all three Codell facies 
 
Facies 2 is a medium- to dark-gray, poorly sorted, intercalated very-fine to fine-grained 
sandstone with discontinuous clay laminae and sand burrowing (Figure 3-5). This facies 
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represents the second most common facies in the study area. It ranges from 3 to 8 feet in 
thickness, and is present in every core described. The main diagnostic characteristic of facies 2 is 
the discontinuous clay laminae containing multiple sand-filled burrows. The clay laminae range 
from 0.05 to over 3 inches thick, with the burrows ranging from less than 0.5 to 3 inches. The 
trace fossils found in the sand filled burrows within the clay lamina are commonly Teichichnus, 
Chondrites, and Planolites (Figure 3-6). There is bioturbation present, less so than in facies 1 
however. Most of the primary inorganic sedimentary structures have largely been destroyed. This 
facies was deposited in a similar environment as facies 1, slow rate of deposition with occasional 
sand starvation. Burrowers were clearly more active during these quiet periods, with Facies 1 
being subjected to a higher degree of bioturbation.  
 
Figure 3-3: Facies #1 of the Codell Sandstone. Massively bioturbated, clayey to siltey, 
sandstone. Tons of Teichichnus (T) can be seen. Dome Petroleum, Franks #1-13, T4N-R65W-




Figure 3-4: Teichichnus (T) along with possible Skolithos (S)in the Codell Sandstone. 




Figure 3-5: Facies #2 of the Codell Sandstone, medium- to dark-gray, poorly sorted, 
intercalated very-fine to fine-grained sandstone with discontinuous clay laminae and sand 
burrowing. Planolites (P) and Chondrites (C) can be seen. Brooks Exploration, Harrington #2-
30, T6N-R66W-Sec. 30, 7102ft. 
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Figure 3-6: Teichichnus (T), Planolites (P), and Chondrites (C) within the clay laminae of 
facies #2. Brooks Exploration, Harrington #2-30, T6N-R66W-Sec. 30, 7102 ft. 
 
Facies 3 is a moderately- to well-sorted, light- to medium-gray, horizontal to low-angle 
cross-stratified sandstone (Figure 3-7). This is the least common of all the facies, only present in 
two cores, absent in the Petro Quest core. However, the Petro Quest core is missing 7 feet of
section, which may or may not contain the facies. Facies 3 is very thin, ranging i thickness from 
3 inches to 1 foot. This facies is either sandwiched within facies 2 or in between facies 1 nd 
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facies 2. The dominant sedimentary structure observed is low-angle planar cross- tratification. 
Though difficult to observe in core due to the limited view, this has been interpreted to be 
hummocky cross-tratification (Figure 3-8). There is almost no bioturbation or burrowing present 
which is in complete contrast to facies 1 and facies 2. Thus, this facies represents redeposition of 
sediment below fair-weather wave base by large storm waves.  
 
Figure 3-7: Facies #3 in the Codell Sandstone, a moderately- to well-sorted, light- to medium-
gray, horizontal to low-angle (hummocky) cross-stratified (CS), with some possible Planolites 




Figure 3-8: Hummocky-Cross stratification (H), and Planar laminations (P) seen in facies #3 of 
the Codell Sandstone. Brooks Exploration, Harrington #2-30, T6N-R66W-Sec. 30, 7103 ft.  
 
3.2. PetroQuest State B-41-36 Core 
The Petro Quest State B-41-36 is located in the NW NW Section 36, Township 4 North, 
and Range 64 West in Weld County, Colorado (Figure 3-9). The core extends from a depth of 
6786 to 6833 feet. The core covers parts of the Ft. Hays Limestone as well as the Carlile Shale, 
with the Codell Sandstone sandwiched in between the two. Only the lower most part of the F rt 
Hays and the upper most part of the Carlile shale were described, along with the entirety of the 





Colorado.  The core has been studied extensively and sampled by the USGS and all reports, data 
and logs are available on the COGCC and USGS Core Research Center websites (Figure 3-11).  
 
Figure 3-9: Location map displaying location of the d scribed Petro Quest State B-41-36 core. T4N 




Figure 3-10: Complete Petro Quest core (T4N-R64W-Sec. 36). Subsurface depth, and grain size 
shown. Images of each facies taken from the core, as well as Fort Hays Limestone above and the 





Figure 3-11: Mechanical log from the Petro Quest’s State B 41-36 well. Gamma ray, resistivity, and 
porosity are displayed. Perforated interval shown in red. Oil and gas cumulative rates displayed at 
top around well symbol. T4N-R64W-Sec. 36. 
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The top of the Codell is picked at a depth of 6823 ft and the base is picked at a depth of 
6839 ft based on physical observation. The core is missing section from a depth of 6827 ft to a 
depth of 6834 ft. The depths have all been corrected after examining the core and the mechanical 
logs. Facies 1 and 2 are observed, but there is no evidence of facies 3. This could be due to the 
missing section, but that cannot be determined. Facies 1 is seen at the top and bottom of the 
formation, sandwiching facies 2.  Facies 1 has a total thickness of 8 ft, while facies 2 has a total 
of just over 1 foot. However, facies 2 is seen at the top, just above, where the missing sectio  
starts and beneath where it ends, so the total thickness could possibly be closer to 8 ft. Massive 
amounts of bioturbation and trace fossils are observed within the Codell portion of the core, with 
Skolithos being the most common ichnofacies.  
The Codell lies unconformably below the Fort Hays Member of the Niobrara Formation.  
This unconformity is marked by an  abrupt contact with the overlying Fort Hays and has been 
interpreted to be due to the sea-level drop and subsequent rise between 89.5 and 89 million years 
ago (Weimer & Sonnenberg, 1983).  
3.3. Dome Petroleum Franks #1-13 
The Dome Petroleum Franks #1-13 is located at NW NW Section 13, Township 4 North, 
and Range 65 West in Weld County, Colorado (Figure 3-12). The core extends from a depth of 
7014 to 7047 ft. The core covers parts of the Fort Hays Limestone above as well as the Carlile 
Shale below. The Codell Sandstone is sandwiched in between the two. Only the lower most part 
of the Fort Hays and the upper most part of the Carlile shale are described, along with the 
entirety of the Codell Sandstone (Figure 3-13), The core is currently stored at the USGS Core 
Lab in Denver, Colorado.  The core has been studied extensively and sampled by the USGS and 
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all reports, data, and logs are available on the COGCC and USGS Core Research Center 
websites (Figure 3-14).  
 
Figure 3-12: Location map displaying the described Dome Petroleum Franks #1-13 core.T4N-




Figure 3-13: Complete Dome Petroleum Franks core. Subsurface depth, and grain size shown. 
Images of each facies taken from the core, as well as Ft. Hays Limestone above and the Fairport 





Figure 3-14: Mechanical log from the Franks #1-13 well. Gamma ray, resistivity, and porosity 
are displayed. Perforated interval marked with red box. Oil and gas cumulative production 
numbers displayed below well symbol. T4N-R65W-Sec. 13. 
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The top of the Codell is picked at a depth of 7030 ft and the base is picked at a depth of 
7049 ft based on physical observation. This core contained the thickest Codell section of any of 
the described cores. All three facies are observed in this core. Facies 1 shows significant 
bioturbation with Teichichnus, Chondrites, and Thalassinoides as the main trace fossils observed 
(Figure 3-15). Facies 1 is found at the top and bottom of the Codell section of the core 
sandwiching facies 2 and facies 3, and has a total thickness of 13 ft. Facies 2 is only found in the 
upper part of the Codell, between facies 1 and 3, and has a total thickness of 4.5 ft. Facies 2 has 
significant sand burrows observed within the clay laminated part. Facies 3 can be seen the 
clearest in this core, sitting below facies 2 and above the lower section of facies 1 (Figure 3-16). 
It contains the some evidence of hummocky cross-stratification less than 0.05 inches in thickness 
along with planar laminations. Facies 3 has a total thickness of just over 1 foot. The contact 
observed in this core with the underlying Fairport Member of the Carlile Shale is irr gular and 
abrupt, likely an erosional contact. 
 
Figure 3-15: Teichichnus (T), possible Skolithos (S), and Chondrites (C) within facies #1. Dome 




Figure 3-16: Facies #3 in the Dome Petroleum Franks #1-13 core. Almost no bioturbation, along 
with planar laminations and some low angle (hummocks) cross-stratification (CS) with some 
possible Planolites (P). T4N-R65W-Sec. 13. 7038 ft.  
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3.4. Brooks Exploration Harrington #2-30 
The Brooks Exploration Harrington #2-30 is located at NE NW Section 30, Township 6 
North, and Range 66 West in Weld County, Colorado (Figure 3-17). The core extends from 
depth 7096 to 7117 ft. This core, unlike the other two, covers the Sussex and Niobrara 
Formations as well as the Codell Sandstone. Only the Codell sandstone and the upper most part
of the underlying Carlile shale were described (Figure 3-18). The core is currently stored at the 
USGS Core Lab in Denver, Colorado.  This particular core has been studied extensively and 
sampled by the USGS and all reports, data and logs are available on the COGCC and USGS 
Core Research Center website (Figure 3-19).  
 





Figure 3-18: Complete Brooks Exploration Harrington core. Subsurface depth, and grain size 
shown. Images of each facies taken from the core, as well as Ft. Hays Limestone above and the 
Fairport Member of the Carlile Shale below the Codell Sandstone. Depths have been logged 




Figure 3-19: Mechanical log from the Harrington #2-30 well. Gamma ray, resistivity, and 
porosity are displayed. Perforated interval marked with red box. Oil and gas cumulative 




Figure 3-20: The lower section of facies #1 in the Brooks Harrington #2-30 core. All 
sedimentary structures have been almost completely obliterated due to bioturbation. Some 




Figure 3-21: Lower portion of facies #2 in the Brooks Harringtion #2-30 core. Very dark clay 
laminae with sand burrows within it. Planolites (P) and Chondrites (C) can be seen. T6N-R66W-
Sec. 30. 7105 ft. 
 
The top of the Codell was picked at a depth of 7087 ft and the base was picked at a depth 
of 7104 ft based on physical observation. All three facies were observed, with facies 1 and 2 
being observed at the top and bottom of the core. Facies 1 has some planar lami tions (<0.5 in) 
present in the upper portion, but the extensive bioturbation has almost completely obliterated any 
significant sedimentary structure in the lower part of the facies (Figure 3-20). The lower part of 
facies 1 is significantly darker than the upper part and looks more like facies 2; however the 
absence of clay laminae filled with sand burrows and extensive bioturbation is representative of 
facies 1. The total thickness of the upper and lower part of facies 1 is 12.5 ft. Facies 2 is 
sandwiched between the upper and lower portion of facies 1, and it too has an upper and lower 
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part which sandwiches facies 3. There is more extensive bioturbation observed, than in either of
the other two cores in this facies. There are also complements of darker clay laminae, looking 
more like shale containing sand burrows (Figure 3-21). Facies 3 is very thin, around 2 inches in 
total thickness. Despite the thin sample, facies 3 contains some planar laminations along with 
long angle (hummocky) cross-stratification (Figure 3-22). The very thin facies 3 suggests that the 
north western location of the Brooks Harrington well was only briefly at a water depth below 
fair-weather wave base and above storm-weather wave base, which is necessary in the formation 
of hummocky cross-tratification. 
 
Figure 3-22: Facies #3 in Brooks Exploration Harrington #2-30 Well. Some planar laminations 




The following will be a discussion of the depositional environment and inferences made 
after compiling three core descriptions. Lithology, facies relationships, faunal constituents, and 
sedimentary structures were used to pr duce decisive conclusions.  
The high degree of bioturbation that was seen in facies 1 and 2, more so in facies 1, 
would lead to the conclusion of a low energy oxygenated environment. Burrowers of all kinds 
were able to obliterate any sedimentary structure at the upper most and lower most parts of the 
Codell Sandstone. 
Other than the abundant bioturbation, the most noticeable entity of the Codell was within 
facies 3, low angle (hummock) cross-tratification. The significance of low angle cross-
stratification, interpreted to be hummocky cross-stratification, is that it is indicative of deposition 
below fair-weather wave base.  
The relative abundance of Teichichnus, Thallasinoids, Planolites, and Chondrites are 
suggestive of a sublittoral zone environment, below normal wave-base but not storm wave-base, 
to somewhat quieter offshore conditions (Frey and Pemberton, 1984).  
The Codell Sandstone has subtle markers on mechanical logs, and the relative change 
within facies is near impossible to identify. 
The discussed criteria lead to the conclusion that the Codell Sandstone within the 
Wattenberg Field was deposited below normal fair-weather wave base, on a shallow marine shelf 
under low energy conditions.  
Furthermore, within the Central Wattenberg Field, the Codell Sandstone is a relatively 
homogenous reservoir. Relative abundance of one facies over another has little to no effect on 




CHAPTER 4  
PETROGRAPHIC ANALYSIS 
There were a total of fourteen petrographic thin sections made and examined from three 
cores. The cores have been previously described. C rtain slides were improperly manufactured 
and cut too thinly making proper porosity and fracture identification nearly impossible. The thin 
sections have been labeled with a letter (first letter of the operator who drilled the well) and then 
the core depth (in feet) at which the thin section was made from. Percentages of the rock 
constituents and the porosity were determined by visual estimation along with help from 
previously taken XRD. Three samples from each core previously had XRD and clay composition 
analysis performed (Table 4-1). Observations were also made on total mineral composition, and 
finally on types of cementation present. Classification of the sandstone is based on that of Folk 
(1980) and the AAPG Memoir #109 (Scholle et al., 2014). All depths were supplied from USGS 
and based off core depths and it is not known if they were log corrected or not. Therefore facies 
identification used in core descriptions cannot be used in the petrographic thin sectio analysis. 
 




4.1. PetroQuest State B-41-36 Petrographic Thin Section Descriptions 
There are a total of four thin sections that have been taken and three samples which had 
X-ray diffraction and clay composition analysis performed from this core. Through core 
description and thin section analysis, Facies 1 and Facies 3 have been identified as the facies 
being observed in these specific thin sections. The four petrographic thin sections will herein be 
referred to by P (the first letter of the operator who drilled the well) and the epth at which it was 
taken from. 
From the Petro Quest core, three samples were chosen and X-r y diffraction and clay 
composition analysis were performed (Figure 4-1 & Figure 4-2). The first sample was taken at a 
core depth of 6815 ft and consists of quartz (68%), plagioclase (5%), calcite (10%), and clay 
(~15%). Through the clay composition analysis, the clay consists of 74% illite, with the 
remaining 17% of clay being smectite. The second sample taken for XRD and clay composition 
analysis was obtained from a depth of 6816 ft. This sample had a similar mineralogy as the 
previous with quartz (69%), plagioclase (9%), and clay (20%). The major difference came from 
an almost complete loss of calcite (>1%). The clay composition analysis perform d on the 6816 
ft sample showed a similar composition to the previous; 70% illite, 17% smectite, with a rise in 
chlorite (9%). The final sample taken for XRD and clay composition analysis came from a depth 
of 6825 ft. This sample had an almost identical mineralogical makeup as the previous sample 
with quartz (69%) being the dominant grain, along with some clay (19%), and plagioclase (9%). 
The clay composition analysis performed revealed a similar trend in illite (70%), and smectite 
(15%), with the largest amount of chlorite (12%). The samples overall would be classified as 




Figure 4-1: XRD analysis from the PetroQuest State core. 
 
 
Figure 4-2: Clay composition chart for the PetroQuest State core. 
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Thin section P-6813 is located in the upper part of the Codell Sandstone, which has been 
identified as Facies 1. It consists of poorly-sorted, subrounded to angular, very fine- to medium-
grained sandstone. There are several identified large vertical fractures running through the 
section, along with some smaller pores can be making up fair- to good (8-12%) porosity (Figure 
4-3). The grains are mostly monocrystalline quartz and rock fragments (~80%) with some clay 
(10%), a little feldspars (6%) and a few calcite and possibly micas. Thi  would be classified as a 
clay-cemented immature subarkose sandstone. Within the feldspars there is some quartz and 
calcite replacement occurring. The entirety of the thin section is clay cemented, which restricts 
any secondary porosity.  
 
Figure 4-3: Photomicrograph of facies 1 of the Codell Sandstone. Note the secondary porosity 
(P) and some possible micro-fractures noted by the arrows. PetroQuest, State B-41-36, T4N-
R64W-Sec. 36, 6813 ft. Taken in Plane polarized light (PPL).  
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The second thin section in this well, P-6815 comes from the upper part of the Codell 
Sandstone, and is also from facies 1. It is consisting of poorly sorted, moderately rounded, very 
fine- to fine-grained sandstone. This thin section is very tightly compacted and is absent of th  
fractures observed in the thin section P-6813. The grains are almost entirely monocrystalline 
quartz and rock fragments (~80%), with some clay content (10%), some feldspars (2%), and 
some calcite (~8%). While the grains are tightly compacted, and consisting of mostly quartz, 
some slight micro-porosity can be seen (Figure 4-4), though total porosity is very low (5%). 
Quartz overgrowth can be observed in certain areas, and like P-6813 there is clay cementation.  
Figure 4-4: Photomicrograph of facies #1 in the Codell Sandstone. Note the brown pore-filling 
illite along with the areas of blue indicating porosity. PetroQuest, State B-41-36, T4N-R64W-
Sec. 36, 6815 ft. Taken in PPL. 
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Thin section P-6823 was taken from the section of missing core in the PetroQu st State 
B-41-36 well. This slide was created before the core section went missing. However, mad  a 
concrete identification of a facies difficult;  however, it has been concluded to be facies 2. There 
are fracture networks that can be seen, along with possible organic matter and good porosity 
(Figure 4-5). It is difficult to identify the grains due to the fractures, however some clay (20%), 
and some plagioclase (9%) can be distinguished. There is good overall porosity seen (~12%). 
The very high clay content, and what appeared in observation to be organic matter, led to the 
conclusion that this sample was displaying facies 2.  
 
Figure 4-5: Photomicrograph of facies #2 within the Codell Sandstone. Note the brown clay 
cementation. There is a possible fracture that is identified by the arrow, and good overall 
porosity. PetroQuest, State B-41-36, T4N-R64W-Sec. 36, 6823 ft. Taken in PPL. 
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The final thin section in the PetroQuest State B-41-36, P-6828, comes from the lower part 
of the Codell Sandstone and consists of poorly sorted, round to semi-rounded, tightly packed, 
very fine- to fine- grained sandstone. This has been identified as the lower section of facies 1. 
The grains are mostly monocrystalline quartz and rock fragments (75%), some clay (17%), and a 
few feldspars (~5%). This sample was cut too thinly, and has apparent areas of fractures, and 
micro-porosity. However, due to the improper manufacture of this slide it is impossible to 
identify whether the pores and fractures are in fact a part of the thin section or a secondary 
reaction from being too thinly polished.   
There are no obvious trends in the petrographic thin sections. The decreasing quartz and 
increasing clay in the lower part of the sandstone is not consistent enough to be described as a 
trend. P-6823 which was taken from facies 2 has the highest clay content and organic matter, 
which is consistent with observations taken from core. The XRD preformed revealed that calcite 
was present at the top of the section and almost completely absent at the bottom. 
4.2. Dome Petroleum Franks #1-13 Petrographic Thin Section Descriptions 
There are a total of seven thin sections that have been taken and three samples which had 
X-ray diffraction and clay composition analysis performed from this core. Through core 
description and thin section analysis, Facies 1, 2 and 3 have been identified. The seven 
petrographic thin sections will herein be referred to by D (the first letter of he operator who 
drilled the well) and the depth at which it was taken from. 
From the Dome Petroleum core, three samples were chosen and X-r y diffraction and 
clay composition analysis were performed (Figure 4-6 & Figure 4-7). The first sample was taken 
at a depth of 7030 ft and consisted of quartz (77%), plagioclase (6%), calcite (4%), and clay 
(~13%). Through the clay composition analysis, the clay consisted of less illite (66%) and more 
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smectite (22%) than any of the PetroQuest samples. The second sample taken for XRD and clay 
composition analysis was obtained from a depth of 7031.2 ft. This sample contained less quartz 
(69%), along with increased calcite (9%) and clay (16%) as compared to the previous sample. 
The clay composition analysis performed on the 7031.2 ft sample revealed a similar composition 
to the previous; 69% illite, 21% smectite, with a rise in chlorite (11%). The final sample taken 
for XRD and clay composition analysis came from a depth of 7037 ft. This sample had an almost 
identical mineralogical makeup to the first sample with quartz (75%) being the dominant grain, 
along with some clay (13%), plagioclase (7%), and calcite (5%). The clay composition analysis 
preformed revealed a slight increase in illite (70%) and chlorite (14%), accompanied by a 
decrease in smectite (15%). The overall classification of the samples would be clay- to calcite-
cemented immature subarkose or sublitharenite. 
 
Figure 4-6: XRD analysis from the Dome Petroleum Franks core. 
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Figure 4-7: Clay composition of the Dome Petroleum Franks core. 
 
Thin section D-7026 is from the upper part of the Codell Sandstone, around the contact 
with the overlying Ft. Hayes member of the Niobrara. It consists of fair- to poorly-sorted, very 
fine- to fine-grained, and subrounded to subangular sandstone. Monocrystalline quartz and rock 
fragments (80%), calcite (4%), clay (12%), and some feldspars mostly plagioclase (~4%) make 
up the framework. With the very high quartz content this sample would be classified as a clay 
cemented immature sublitharenite sandstone. Horizontal fractures can be seen along the upper 
section, along with intraganular porosity (Figure 4-8). Total porosity is estimated to be 8-10%. 
Due to the fractures seen, the framework, and the location from which the thin section was taken 
from this has been identified the overlying Fort Hays Limestone Member of the Niobrara 
Formation. 
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Figure 4-8: Photomicrograph of the Fort Hays Limestone. Note the abundant clay. Porosity is 
consisting of possible micro-fractures (MF) and intragranular porosity. Dome Petroleum, Franks 
#1-13, T4N-R65W-Sec. 13, 7026 ft. Taken in PPL. 
 
Thin section D-7030’, from the upper part of the Codell Sandstone, was identified as 
facies 1. This particular thin section was difficult to observe due to improper production. It 
consisted of poorly sorted, fair- to well-rounded, very fine grained sandstone. The grains present 
were quartz and rack fragments (77%), clay (13%), plagioclase (6%), and calcite (4%). With 
such tight compaction, and clay cementation the porosity observed here was likely causd by the 
improper manufacture of the slide.   
The third thin taken was from 7034 ft. D-7034 consists of poorly-sorted, very fine-
grained sandstone. Monocrystalline quartz and rock fragments makes up ~75% of the grains with 
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clays (15%), calcite (4%) and feldspars (6%) making up the rest of the grains. Tight compaction, 
along with quartz cementation, reduces overall porosity ~8%. This porosity is fair to good in 
comparison to the rest of the Codell Sandstone. Through visual observation and core description 
D-7034 was taken from facies 2 (Figure 4-9). 
Figure 4-9: Plain polarized light photomicrograph, Codell Sandstone. Note the abundant brown 
pore-filling clay. And the porosity development in blue. Dome Petroleum, Franks #1-13, T4N-
R65W-Sec. 13, 7034 ft. Taken in PPL 
 
Petrographic thin section D-7036 consisted of fair- to poorly-sorted, fairly well-rounded 
mature sandstone. Compaction reduces the porosity; however the total intergranular porosity and 
secondary grain dissolution porosity observed is the best yet, ~13%, with low clay cementation 
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(Figure 4-10). The main observable grains which remained were quartz and rock fragments 
(~80%), with clays at the lowest observed percentage y t (~8%), calcite (5%), and plagioclase 
(7%). The quartz grains lacked any overgrowth, and wer  very small. That, along with the depth 
at which it was taken from, led to the conclusion that D-7036 was displaying facies 3. 
 
Figure 4-10: Plain polarized light photomicrograph of the Codell Sandstone. Slide is shown in a 
zoomed out position to show the abundant porosity, and low overall clay cementation. Dome 
Petroleum, Franks #1-13, T4N-R65W-Sec. 13, 7036 ft. Taken in PPL 
 
The fifth thin section (D-7038) consisted of poor- to well-sorted, very fine- to fine-
grained mature sandstone. The sand grains are subangular to angular without a clear orientation. 
Monocrystalline quartz and rock fragments (80%) again made up the largest portion of the grains 
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with clays (14%) and feldspars (5%) rounding out the framework. Improper manufacture of the 
slide made the observation of micro-pores, and fractures difficult. The fractures appear to be 
induced from improper care, while some micro-porosity (~6%) seems to be real.  
Thin section D-7039 was comprised of poorly-sorted, fine- to very fine-grained, fairly 
well-rounded mature sandstone. Compaction seems to have reduced porosity; however, micro-
porosity is fairly pervasive accounting for a total porosity of 8-10% (Figure 4-11). There is 
possible intragranullar diagenesis occurring within some micrite grains, suggesting D-7039 was 
taken from facies 1 (Figure 4-12)   
 
Figure 4-11: Photomicrograph of thin section D-7039. Compaction has reduced porosity but 
there is still some observable porosity. Mostly quartz with a few notable plagioclse feldspar 
grains, and clay. Dome Petroleum, Franks #1-13, T4N-R65W-Sec. 13, 7039 ft. Taken in crossed 





Figure 4-12: Zoomed in photomicrograph of thin section D-7039. There is possible intragranul r 
diagenesis occurring within some micrite grains. Dome Petroleum, Franks #1-13, T4N-R65W-
Sec. 13, 7039 ft. Taken in PPL. 
 
The last of the Franks core thin sections (D-7042) was taken from the bottom of the core. 
It contained poor- to moderately well-sorted and very fine-grained sandstone. The sandstone is 
angular and a slight vertical orientation is noticeable. Monocrystalline quartz and rock fragments 
(85%) makes up the majority of the grains with clay (10%) and some feldspars (~5%) making up 
the rest of the framework grains. The extremely high quartz content would classify this sample as 
an immature subarkose sandstone. Total porosity was around 10% (Figure 4-13).Lower 




Figure 4-13: Photomicrograph of the Codell Sandstone. Consisting of mostly quartz along with 
clays. Note the porosity development in blue. Dome Petroleum, Franks #1-13, T4N-R65W-Sec. 
13, 7042 ft. Taken in PPL. 
 
There was no obvious trend in the Dome Franks petrographic thin sections. Micro-
porosity is the most consistent type of porosity observed in these tightly compacted s ndstones, 
with porosity ranging from 0 to 13%. The bottom (D-7042) thin section had best overall 
porosities, and was identified as being taken from facies 1. The best micro-porosity comes from 
D-7036, facies 3, which is consistent with core observations. This is supported by the XRD and 
clay composition analysis preformed which revealed an increase in overall clay, and an increase 
of smectite within the clay composition. 
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4.3. Brooks Exploration Harrington #2-30 Petrographic Thin Section Descriptions 
There are a total of three thin sections that have been taken along with three samples that 
had X-ray diffraction and clay composition analysis performed, from this core. Th ough core 
description and thin section analysis, facies 1, 2, and 3 have been identified. These three 
petrographic thin sections will herein be referred to by B (the first letterof the operator who 
drilled the well) and the depth at which it was taken from.  
From the Brooks Exploration core, three samples were chosen and X-ray diffraction clay 
composition analysis was performed (Figure 4-14& Figure 4-15). The first sample was taken at a 
depth of 7096 ft and consists of quartz (72%), plagioclase (8%), and some clay (~18%). Through 
the clay composition analysis, the clay from this sample appears very similar to the ones taken 
from the PetroQuest core with illite (70%) and smectite (17%) being the most dominant of the 
composition. The second sample taken for XRD and clay composition analysis was obtained 
from a depth of 7102 ft. This sample contained slightly less quartz (68%), along with increased 
plagioclase (11%) and clay (20%) as compared to the previous sample. The clay composition 
analysis performed on the 7102 ft sample revealed an almost identical composition to the 
previous sample; 70% illite, 17% smectite. The final sample taken for XRD and clay 
composition analysis came from a depth of 7106 ft. This sample was dominated by quartz (68%) 
along with an increased amount of plagioclase (13%), and decreased amount of clay (16%) as 
compared to the previous sample. The clay composition analysis preformed revealed a slight 
decrease in illite (68%) and smectite (15%), accompanied by an increase in chlorite (13%). The 
increase in chlorite lead to a belief that this could be a better reservoir, as chlorite can act as an 
inhibitor to overgrowths and preserve porosity. The overall classification of these samples is a 




Figure 4-14: XRD analysis from the Brooks Exploration Harrington core. 
 
 
Figure 4-15: Clay composition of the Brooks Exploration Harrington core. 














X-Ray Difraction Mineralogy 
Quartz K-Feldspar Plagioclase Calcite Siderite
Pyrite Illite-Smectite Illite + Mica Kaolin Chlorite














Clay Composition Chart 
Illite Smectite Kaolin Chlorite
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Petrographic thin section B-7096 consisted of poorly-sorted, fair- to poorly-rounded, 
tightly-packed, low micro-porosity, clay-cemented mature sandstone. Monocrystalline quartz 
and rock fragments (72%) made up the vast majority of the grain framework along with clay 
(18%), and feldspars, mostly plagioclase (8%). The quartz has microcrystalline intragrowths that 
look like fractures within the grains. Both intra- and intergranular porosity was observed, very 
low total porosity less than 6%. B-7096 was from facies 1.  
The next thin section (B-7100) was taken from the upper Codell Sandstone and consists 
of poorly-sorted, poorly- to well-rounded, clay-cemented, mature sandstone. Much like B-7096, 
monocrystalline quartz and rock fragments (70%) is dominate with high clay (18%) and 
feldspars (11%) rounding out the framework grains. Compaction and clay cementation reduced 
porosity (4%). The increase in the feldspars leads this sample to be classified as a clay cemented 
immature arkose sandstone. Similarly to B-7096, thin section B-7100’s porosity is all in the form 
of micro-porosity. Contained within the slide was some possible organic matter. B-7100 was 
concluded to be from facies 1.  
The last thin section (B-7103) came from the base of the sandstone and varies greatly 
from the other two thin sections taken from this core. The sandstone is very tightly compacted, 
poorly-sorted, moderately- to well-rounded, clay and iron oxide cemented mature sandstone. B-
7103 is much less compacted, and has increased porosity, along with pervasive long narrow 
fractures (Figure 4-16). The total porosity is around 12% observed in thin section. This is fa rly 
high for that observed in thin section within the Codell. Thin section B-7103 was taken from 
facies 3.  
The obvious trend that can be observed within the Harrington petrographic thin sections 
was the porosity increases from 2% to over 12% lower in the core. Compaction is tighter in the 
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upper part of the core and looser in the lower part, which leads to the increase in porosity. This 
can be seen by the XRD analysis revealing a decrease in clay content with greater depth. The 
increase in porosity is partially due to the loss of clay grains and increase in rock fragments and 
monocrystalline quartz.  
 
Figure 4-16: Photomicrograph of the Codell Sandstone. Note the vertical micro-fra tures that are 
pointed out by the arrows. Brooks Exploration, Harrington #2-30, T6N-R66W-30, 7103 ft . 
Taken in PPL. 
 
4.4. Discussion 
The following discussion will deal with diagenesis. For the purpose of this diagenesis 
will be defined as the chemical and physicals changes that occur within the sediment after the 
time of deposition. 
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Replacement of feldspar grains and lithic rock fragments within the Codell occurred. The 
dissolution of these grains allowed for the replacement by authigenic clays, as well as secondary 
porosity. 
Within the Codell Sandstone there are multiple cementing agents including clay minerals, 
calcite, and quartz overgrowths. The most common cementing agent are clay minerals. This clay 
cementation helps to maintain micro-p rosity between the gains. However, while some porosity 
is maintained, permeability is precluded. This clay cementation leads to, at times, high porosity 
readings on mechanical logs and low levels of permeability. 
There is primary and secondary porosity that is present. The primary porosity can be seen 
in the micro-fractures along with some open pores between grains. Secondary porosity in the 
area occurs due to the high geothermal gradient and pressures. Feldspar grains and lithic rock 
fragments are dissolved and replaced by authigenic clays which at times act as a barrier from 
overgrowths and preserve secondary porosity.  
No facies was clearly more attractive in terms of porosity and permeability. In certain 
parts of all three facies there were areas of tight compaction, leading to little r no permeability 
and less porosity. All three facies, as well, had areas of good porosity which would make for an 





CHAPTER 5  
PORE ANALYSIS 
The low porosity and permeability, along with its high clay content lead to characterizing 
the Codell as a tight-sand reservoir. In order to better understand how the reservoir has 
hydrocarbon accumulations, and where they reside, specialized testing was used.  First samples 
from the described cores were looked at under the Field Emission Scanning Electron Mi roscope 
(FESEM). Then the samples were sent to PoroTechnology in Kingwood, Texas for Mercury 
Injection Capillary Pressure (MICP) analysis. Through the combination of these wo a 
quantitative and qualitative description of the pore system within the Codell Sandstone was 
completed.  
5.1. FESEM Description 
Before using the FESEM, strides had to be taken. First, eight selected samples were taken 
from the described three cores. The eight samples were chosen to be a complete representation of 
all three facies from the three wells. The Dome Petroleum Franks #1-13 and Brooks Exploration 
Harrington #2-30 cores had three samples taken from each. The samples cam  from all three 
facies. The Petro Quest State B-41-36 core had only two samples taken from it. This was due to 
the missing section within the core. With the eight samples chosen the next step was to gold coat 
each of them, in order to create a charge within the FESEM which allows for the image to 
appear. Each sample was placed into the gold coater for approximately five minuts. With the 
samples chosen and the gold coating applied the next step was to place them into the FESEM for 
observation and analysis. 
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The rock texture, pore size, and pore coating were qualitatively assessed using the 
FESEM. Through MICP and FESEM analysis a better understanding of the pore system within 
the Codell Sandstone was obtained. With such low porosity readings on the logs used (Figure 5-
1), identifying pores becomes difficult  at times.  
 
Figure 5-1: Type log for the Codell Sandstone. An increase in gamma ray and porosity al ng 
with a decrease in resistivity are the standard markers for the identification of he Codell 
Sandstone when using a log suite. Dome Petroleum, Franks #1-13, T4N-R65W-Sec. 13. 
 
The mineralogical composition of the Codell, which has been discussed previously, is 
mostly quartz and clay along with some plagioclase feldspars and calcite (Table 5-1). Within the 
three facies of the Codell, quartz remains the dominant grain. The clays can appear as both 
diagenetic and or authigenic in nature. They vary based upon their locations. The diagenetic illite 
69 
 
and chlorite clays bridge and occlude pore throats and coat grain surfaces (Figure 5-2). 
Authigenic illite seems to grow as a more fibrous crystal, which occurs as a spider-web like on 
detrital grains (Figure 5-3). The presence of illite, illite-smectite, and chlorite clays dictate the 
amount and type of pores and their size. 
Table 5-1: XRD mineral identification taken from the Brooks Exploration, Harrington #2-30 





Figure 5-2: FESEM image taken showing quartz (Qz), calcite (Ca), and clay (Cl). A pore in the 
middle is created due to the clay coating (mostly illite) the quartz grain and preventing the 
growth of the quartz grain which would close off the pore. PetroQuest Energy, State B-41-36, 




Figure 5-3: Authigenic illite (Cl), preventing the overgrowths of the quartz (Qz) grains nd the 
calcite (Ca) grains. Note the fibrous almost spiderweb like state of the clay. Brooks Exploration, 
Harrington #2-30, T6N-R66W-Sec. 30. 7010 ft.  
 
The porosity found within the samples are from larger intergranular pores, clay pores, 
and micro-pores. The presence of micro-fractures, however, was rare in all analyzed FESEM 
samples which makes fracture porosity in the Codell minimal (Figure 5-4). The larger 
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intergranular pores were mainly between quartz grains and recrystallized calcite (Figure 5-5 & 
Figure 5-6). The micro-pores are likely caused by dissolution of unstable rock fragments and 
feldspars (Figure 5-7& Figure 5-8). 
 
Figure 5-4: FESEM image of a possible micro-fracture. Upon further examination fracture had 
signs of clay and some quartz overgrowth which would suggest the fracture was not seco darily 





Figure 5-5: Intergranular porosity seen in FESEM image. Mostly authigenic illite clay (Cl) is 
preventing the quartz (Qz) overgrowth and the calcite (Ca) has been recrystallized. Dome 




Figure 5-6: Intergranular porosity seen in FESEM image. Clay (Cl) is preventing the quartz (Qz) 
overgrowth and the calcite (Ca) has been recrystallized. Brooks Exploration Harrington #2-30, 




Figure 5-7: FESEM image of a clay coated micro-p re. The micro-pore was likely created by the 
dissolution of unstable feldspar or rock fragments. PetroQuest Energy, State B-41-36, T4N-




Figure 5-8: Clay coating micro-pore. The micro-pore was likely created by the dissolution of 
unstable feldspar or rock fragments. PetroQuest Energy, State B-41-36, T4N-R64W-Sec. 36. 
6824 ft. 
 
Different pore shapes were found to be associated with the different types of pores. Pores 
that are present within the clay particles are slot-like and elongated (Figure 5-9). The 
intergranular pores within quartz and the micro-pores are more circular in shape. According to 
Curtis et al. (2010) slot like pore geometry may be prone to collapse due to increased effective 
pressure as gas is drawn out of the pores and the closure of these pores would drastically reduce 
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permeability. This space between the clay particulates also provides the porosity responsible for 
hydrocarbon storage and hydrocarbon deliverability in the Codell Sandstone (Pagano, 2006). 
This suggests that pressure drawdown after hydraulic fracture stimulating a Codell well will 
result in the closure of the clay porosity, and therefore loss of permeability and some production 
from the reservoir. However, the micro-porosity of the Codell serves as effective porosity in part 
due to the overpressure system within the Wattenberg Field.  
 
Figure 5-9: FESEM image showing clay porosity. The arrows point out the clay (Cl) porosity, 
which is elongated and sheet-like. Dome Petroleum, Franks #1-13, T4N-R65W-Sec. 13. 7028 ft. 
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Porosity within the Codell system is a dual porosity system. The first part of the system is 
the larger pores created by intergranular porosity and moldic ccurrences, which is most 
common in facies 1 and 3. The second part of the system is micro-pores which are created by the 
dissolution of unstable feldspars and rock fragments.   
There is a possibility that the system within the Codell Sandstone actually has three parts 
to it. The first two parts were explained above, and a possible third part which is due to the 
presence of natural micro-fractures. These natural micro-fractures would create enhanced 
permeability within the system, through connection of the pores. The micro-fractures were seen 
in petrographic thin section and FESEM, however not with any consistency. This perceived lack 
of consistency makes the conclusion difficult to prove or disprove. There is a known system of 
natural fractures which are seen in geophysical data throughout the Wattenberg Field. Unable to 
examine these fractures in any detail lead to difficulty incorporating them into ths analysist. 
Further analysis would be required in order to create a definitive answer. 
5.2. MICP Analysis 
MICP analysis, or mercury-injection capillary-pressure evolution, is a process that 
measures the size, amount and distribution of pore throats within a reservoir. In order to 
complete this process, core plugs or samples from the desired formation need to be obtained. For 
this study eight samples were obtained from the three described cores. One sample from each 
facies observed in each core was obtained. Only two samples from facies 3 were taken due to the 
fact that the Petro Quest State B-41-36 core had nearly eight feet of missing section spanning the 
depths where facies 3 would presumably be present. Each sample has been labeled with a letter 
(first letter of the operator who drilled the well) and then the depth (in feet) at which the thin 
section was made from. 
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All eight samples were analyzed for pore throat size and distribution. Additionally, each 
sample had porosity and permeability measurements taken (Table 5-2). 
 
Table 5-2: Porosity, permeability, and density readings taken for each sample. 
Sample Facies 
Spl MICP Calc MICP MICP Bulk MICP Gr. 
Porosity (%) Perm(md)  Den(g\cc) Den (g\cc) 
B-7098 1 11.98 0.058401 2.2737 2.5832 
B-7102 2 9.68 0.032214 2.4576 2.7210 
B-7103 3 6.79 0.003166 2.5141 2.6971 
P-6824 1 7.29 0.002484 2.4783 2.6729 
P-6826 2 11.14 0.019880 2.3265 2.6180 
D-7028 1 3.79 0.000795 2.6349 2.7387 
D-7035.7 2 9.37 0.009074 2.4522 2.7054 
D-7037.5 3 8.52 0.017205 2.4272 2.6535 
 
Table 5-2 reveals that the porosities within the entirety of the Codell Sandstone are 
relatively high, with the exception of sample D-7028. The best porosity seen comes from two 
different facies, facies 1 and 2. The revelation becomes clear that there is no real pattern present 
between porosity and facies. Figure 5-10 shows a plot of porosity versus permeability from the 
samples. The same perceived lack of a pattern s e  with facies and porosity can be observed in 
the permeability results as well. The overall permeability for the eight samples is v ry low, with 
none of the facies having a permeability above 0.05 md. There is no pattern between the best 
porosity and the best permeability. Table 5-2 reveals that there is great variety within each facies, 
and that no one facies is going to make for a better oil and gas target than the other.  
The average porosity from all eight samples is 7.67%. Most sandstones can produce fr m 
porosities of 6% or greater. The Codell reservoir has a long history of production, and ow 
revealed is the decent overall porosity, but as previously discussed, the majority of the porosity 
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likely comes as micro-pores. The general consensus for defining a pore as a micro-pore is that 
the pore diameter be less than 10 microns or the pore-throat diameter be less than 1 micro . 
Furthermore, within a traditional sandstone pore throats are larger than 5 microns, and iltstones 
pore throats are on average larger than 2 microns (Pagano, 2006). MICP analysis revealed that 
the pore throats within the Codell Sandstone are on average smaller than 0.25 microns (F gure 5-
11 – Figure 5-18). Therefore, the majority of the porosity within the sandstone would be 
considered micro-porosity. 
 
Figure 5-10: Porosity versus permeability plot. Shown are all eight samples taken from the three 
different cores used. Each plot is labeled with the first letter of the operators n me and the first 
letter of the well name. Also, in parentheses is the facies number.  
 
Much like the distribution of permeability and porosity through the facies, there was no 
pattern revealed in pore throat size or distribution in each facies. Thi  was a bit of a surprise afer 
core analysis lead to the belief that there would be larger pores in facies 3 than in facies 1 or 2. 
The best distribution of pore throat sizes was observed in facies 2, in sample B-7102 (Figure 5-
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12). The best pore throat size, with the majority of pore throats being greater than 0.01 microns 
was observed in facies 1, from sample B-7098 (Figure 5-11). 
There is one pattern that becomes v ry apparent; the majority of the pores within the 
Codell Sandstone are micro-p res. There are some intergranular and moldic pores that were 
observed in petrographic thin sections and FESEM that suggests some of the overall porosity 
comes from larger, non-micro-pores. Though these larger pores likely do not make up the 
majority of the porosity within the sandstone, it does create some effective porosity. Therefore, 
the conclusion made in the previous FESEM section is supported by the findings from both the 
MICP analysis and the petrographic thin sections. Within the Codell system there is a dual 
porosity system, with the possibility of a third part. The first part of the system, originally 
observed in petrographic thin sections and later through use of the FESEM, is the larger pores 
created by intergranular porosity and moldic occurrences. The second part of the system i  the 
micro-pores, displayed through MICP and FESEM analysis, which are created by the partial 
dissolution of unstable feldspars and rock fragments. The possibly third part would be due to 
natural micro-fractures which would connect pores and enhance overall permeability.  
 
Figure 5-11: Pore throat size and distribution for Brooks Exploration Harrington #2-30 well. 




Figure 5-12: Pore throat size and distribution for Brooks Exploration Harrington #2-30 well. 
T6N-66W-Sec. 30. 7103 ft. Facies #3. 
 
 
Figure 5-13: Pore throat size and distribution for Petro Quest State B-41-36 well. T4N-R66W




Figure 5-14: Pore throat size and distribution for Petro Quest State B-41-36 well. T4N-R66W
Sec. 36. 6826 ft. Facies #2. 
 
 
Figure 5-15: Pore throat size and distribution for Dome Petroleum Franks #1-13 well. T4N-66W-




Figure 5-16: Pore throat size and distribution for Dome Petroleum Franks #1-13 well. T4N-66W-
Sec. 13. 7035.7 ft. Facies #2. 
 
 
Figure 5-17: Pore throat size and distribution for Dome Petroleum Franks #1-13 well. T4N-66W-





CHAPTER 6  
MAPPING AND CORRELATIONS 
Mapping was completed for the entire Wattenberg Field, but shown here will only be the 
Central Wattenberg Field. Mapping was completed on the Niobrara, Codell and Carlile, but 
shown here will only be the Codell Sandstone.  
6.1. Introduction and Methods 
Mapping of the Codell Sandstone throughout the study area was performed in order to 
better understand the stratigraphic variations of the formation. Within the Central Wattenberg 
Field approximately 1,500 digital logs were correlated in order to understand the distinct 
properties of the Codell Sandstone including: structure, stratigraphy, thickness, porosity variance 
and resistivity patterns of prospective reservoir units. Correlations were perform d using IHS 
PetraTM with digital logs being imported from state publications, and previous industry donations.  
A number of authors have correlated the Codell and other Cretaceous strata through the 
Denver Basin (Matusczak, 1973; Weimer and Sonnenberg, 1983; Rice, 1984; Weimer et al., 
1986 Panigoro, 1988; Birmingham, 1998; Birmingham et al., 2001; Highley and Cox, 2005; 
Sonnenberg, 2014, 2015). Work from the previously listed publications was used as a starting 
point to establish correlations in this study. All of the isopach maps, pay and non-pay, were 
generated in IHS PetraTM using the minimum curvature gridding method on the smallest grid size 
possible. The contour interval for all isopach maps is 2 ft in order to ensure the detail of 
thickness variations within the mapped intervals could be observed. The depth on the struc ure 
map is represented as subsea depth. In regards to well control, the entirety of the Central 
Wattenberg Field has a dense concentration of wells that have penetrated the Codell. The wells 
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that contained the necessary log data were used.  All generated maps were checked for accuracy 
several times, and recreated when correlation errors were fixd. The maps have also been 
presented in two Niobrara Consortium Meetings at the Colorado School of Mines. Changes hav  
been suggested by attendees. The suggestions were mostly cosmetic, such as taking out section 
lines, and taking out wells that were not relevant, among other suggestions were taken into 
account and incorporated. 
6.2. Codell Structure and Isopach 
Figure 6-1represents the structure of the top Codell Sandstone. This horizon was picked 
not only because it is the top of the formation, but because it is the most easily r cognizable 
surfaces to pick. This yielded an interpretation with the most accurate results for the structure of 
the Codell through the Central Wattenberg Field. The method, with which the surface was 
picked, is shown in Figure 6-2. The cross-section trends from east to west across the field. There 
is a distinct deepening moving westward, with an abrupt rise due to the Front Range. The abrupt 
rise is not completely seen. The structure displayed is consistent with the interpretations 
presented in the previous chapters.  
The isopach map for the total Codell Sandstone package illustrates that the Codell in the 
Central Wattenberg Field shows an eastern thinning trend (Figure 6-3). This is consistent with 
the depositional model that was presented in previous chapters. Seen in cross section view he 
Laramide uplift of the Front Range caused the severe slope in the west (Sonnenberg, 2015) 
(Figure 6-4). The erosional surface with the overlying Ft. Hays Member of the Niobrara to the 
east causes the Codell Member of the Carlile Shale to thin in that direction. The impact of the 
uplift and erosional surface on the Codell Petroleum System in this locality wil  be discussed in 
greater detail in the next chapter. The Codell is thinnest in the eastern part of the field and 
86 
 
thickest on the western edge. The sandstone ranges from 2 to up over 30 ft. These findings are 
consistent with other studies that have performed similar correlations throughout the field 
(Weimer et al., 1986; Panigoro, 1988; Sonnenberg, 2015). 
 
 
Figure 6-1: Structure map of the Codell Sandstone. The Central Wattenberg Field is outlined in 





Figure 6-2: Cross-section from west to east (A- ’). Gamma ray, resistivity and porosity values are shown. Depths are in SSTVD. 






Figure 6-3: Isopach map of the Codell Sandstone in the Central Wattenberg Field. 2 foot contour 










6.3. Resistivity and Porosity 
The Codell Sandstone is difficult to identify on electronic logs. The general character is 
an increase in gamma ray response accompanied with a drop in the resistivity (Figure 6-5). This 
drop in resistivity is due to the increase in clay, the Codell can at times be 25% or more clay. 
Figure 6-6 shows areas in which the resistivity of any section of the Codell Sandstone is above 7 
ohms. The thickness is a total calculation of all depths within a certain well that the resistivity 
gets above 7 ohms. The general trend is increasing thickness moving westward. This is 
consistent with all that has been presented previously, the overall thickness of the Codell 
increases to the west due to increased erosion toward the east.  The values were created using 
PetraTM  to determine where in-between the top of the Codell and the top of the Carlile the 
resistivity became greater than 7 ohms. 
Porosity is a very important factor when looking at reservoir quality. The Codell 
Sandstone in the Central Wattenberg Field at times has porosity less than 4% observed in core, 
petrographic thin sections, and on electronic logs. At other times the porosity becomes greater 
than 15%. When the porosity in the Codell becomes abnormally high, calculated to be above 
10%, this can be a result of gas saturation. Therefore, a strong indicator of hydrocarbons in the 
Codell within the CWF is a porosity reading above 10%. Figure 6-7 shows an isopach map of the 
overall thickness of the total amount of Codell that has porosity above 10%. The general trend is 
the same as the previous ones. The thickness increases moving westward, and decreases moving 
toward the east. This again is consistent with all that has been previously presented, and helps to 
foster the early stages of creating the ever important pay map. With the porosity data in hand the 
picture of favorable drilling locations begins to become more clear. However, with the 
knowledge that natural fratures and faults are present, porosity increases could be seen in areas 




Figure 6-5: Resistivity, porosity and gamma ray log. Depths are in MD. Perforated interval marked 








Figure 6-6: Resistivity thickness map. All  Codell Sandstone that has a resistivity over 7 ohms is 






Figure 6-7: Porosity thickness map. Total thickness of the entire Codell interval which has a 
porosity reading above 10%.  
 
6.4. Pressure and Temperature 
As has been discussed previously, the Greater Wattenberg Area sits on a geothermal “hot 
spot” and is an area of above normal pressure gradients as well due to the geothermal anomaly. 
Therefore two maps were created to illustrate these two anomalies. 
Figure 6-8 shows the pressure gradient within the Central Wattenberg Field. The contour 
intervals represent 0.05 psi/ft and show that most of the CWF is in an area of overpressure. 
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Overpressure is defined here as any area above 0.5 psi/ft. The outline for this map was originally 
created by Birmingham et al. (2001). The original outline was loaded into ArcGIS, then 
georeferenced into an accurate location. The georeferenced image was then loaded int  th  
PetraTM mapping module, where contour lines were drawn to replace the original. Then final 
labeling and digitizing was completed. The areas shown with the highest pressure seem to be 
found within highest permeability sections. Directly offsetting the areas of high permeability are 
the areas of low permeability which encapsulate the high pressure areas adding to the entrapment 
conditions. This was seen through other publications and incorporated with that the data in mind. 
Also the areas of overpressure are contained within major basement fault systems, and may be 
subject to change with the inclusion f further natural faults that are present in the field. 
 
Figure 6-8: Codell pressure gradient after Birmingham et al. (2001). Basement faults after 
Weimer (1996) and Vitrinite Reflectance after Higley et al. (2003). Ro values greater than 0.9 
outlined in orange, locations of cores used shown with black stars. 
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Figure 6-9 is the geothermal anomaly over the Central Wattenberg field as demonstrated 
by vitrinite reflectance data. The Ro values are from the Graneros, Huntsman, Mowry, and Skull 
Creek Shale source rocks. Though the Greater Wattenberg Field is considered a “hot spot”, for 
the purpose of this study, areas within the CWF are examined closely. This map was originally 
generated by Higley and Cox (2005). It was loaded into ArcGIS, then georeferenced into an 
accurate location. The georeferenced image was then loaded into the PetraTM mapping module, 
where contour lines were drawn to replace the original. Then final labels were added to the 
figure. Inclusion of fault systems would likely change overall gradient, and possibly 
compartmentalize areas of high heat flow. 
 
Figure 6-9: Vitrinite reflectance data from source rocks showing geothermal hotspot over the 
Central Wattenberg Field after Higley and Cox (2005). Basement faults after Weimer (1996). 
Location of cores shown in black stars.  
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6.5. Pay Isopach 
The overall definition of pay would be any portion of a particular reservoir that contains 
economically recoverable hydrocarbons. Smaller portions of the reservoir that meet certain
criteria for pay are considered to be net pay. 
Figure 6-10 shows the net pay for the Codell Sandstone within the CWF. There were 
more stringent restrictions used to create this map. Within the Codell the rock properties had to 
be over 7 ohms, and have porosity greater than or equal to 10%. Not surprisingly the same 
pattern as the previous can be seen, a general thickening toward the west.  
 
Figure 6-10: Total net pay thickness of the Codell Sandstone within the CWF. Net pay was 
defined as resistivity greater than 7 ohms, combined with porosity greater than 10%. Location of 





CHAPTER 7  
OIL AND GAS PRODUCTION AND ECONOMICS 
According to Weimer, Sonnenberg and Young (1986), the discovery and development of 
the Wattenberg Field has been the most important mineral extraction mineral activity over the 
past 50 years in Colorado. Within the Wattenberg Field, production started in 1970 with the 
drilling and completing of J (Muddy) Sandstone wells. The wells ranged in depth from 7,600 to 
8,400 ft. Between 1981 and 1982 over 100 discovery wells were made in the Codell Sandstone 
within the producing areas of the Wattenberg Field. The Codell had been largely overlooked, in 
the early development of the field. This was mostly due to the fact that it is a tight, low 
permeability reservoir. The Codell has shown in recent history that it is a viableand important 
reservoir in the Wattenberg Field. In the traditional sense, a petroleum system is made up a 
number of constituents that allows for the generation and accumulation of hydrocarbons. These 
include an organic-rich source rock or rocks, migration pathways, a porous and permeabl 
reservoir unit, a trap, and a seal. What has already been discussed is that the Codell Sandstone in 
the Wattenberg Field, is not a conventional petroleum system but does exhibit continuous 
accumulation attributes of a basin-centered unconventional petroleum system.  
7.1. Reservoir 
The Codell Sandstone reservoir, is the upper most member of the Carlile Shale, and ies 
just beneath the Fort Hays Limestone, the lower most member of the Niobrara Formation (Figure 
7-1). When development began in the Greater Wattenberg, the Codell Sandstone was largely 
overlooked and ignored while operators were drilling and completing wells roughly 400 ft 
deeper in the J Sandstone. The Codell Sandstone within the Central Wattenberg Field is 10-35 ft
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in gross thickness, and is productive from 6,900 to 7,300 ft. The Central Wattenberg Field is 
directly within the geothermal anomaly that exists in the Greater Wattenberg Field area. Wells 
located in the CWF report bottom hole temperatures in excess of 240
o
F.   
 
Figure 7-1: Modified from Sonnenberg (2015). Stratigraphic column for the Denver Basin. 
Depths in feet, Formation name, and age on the right, and source rock along with reservoirs 
labeled on the left. 
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The Codell Sandstone was deposited as shelfal marine sand in the Denver Basin as a 
component of a late lowstand systems tract under low energy conditions. This low sea level and 
low energy allowed an extensive share of depositional clay to be incorporated within the Codell 
Sandstone. Following the low stand of sea level there was a subsequent rise in sea level, leading 
to the Codell Sandstone to be deposited in brackish or marine environments in scour depressions 
in the northern Denver Basin and as marine-shelf shaly sand and marine bars in the Wattenberg 
area (Weimer & Sonnenberg, 1983). As the sea level continued rising, the Juana Lopez was 
deposited as sand and shell fragments over the Codell. The Codell Sandstone lies unconformably 
over the Carlile Shale, and is overlain unconformably by the Juana Lopez Member of the Carlile 
Formation or the Fort Hays Limestone Member of the Niobrara Formation. This causes the Fort 
Hays member of the Niobrara Formation to lie directly on the top of the Codell Sandstone in 
places.  Weimer (1978) interpreted this unconformity as the result of erosion followed by marine 
onlap on a broad northeast-trending structural element called the Transcontinental Arch, along 
with a substructure known as the Wattenberg High. An estimated 20 to over 100 feet of strata 
was removed due to the erosional event. With the sharp erosional contact between the Codell and 
the Fort Hays it can be difficult at times to identify on electronic logs. 
The Codell is a poorly to moderately sorted, silty, shaly, very fine- to fine-grained, clay-
cemented sandstone. The clays that are present in the sandstone are detrital and authigenic in 
origin. Bioturbation is the cause of clay mixing with the sand. As discussed previously, SEM 
photomicrographs do show evidence of authigen c illite and chlorite. Partial to complete grain 
replacement occurs, with clays interpreted as an authigenic by-product of parent feldspar grains 
and lithic rock fragments.  Within the Codell Sandstone the clay content can be as high a 30%, 
and routinely is in excess of 20%. 
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Due to the composition and unconformities, the character of the Codell Sandstone on 
electronic logs can often be difficult to distinguish from the overlying Fort Hays Limestone and 
the underling Carlile Shale. Figure 7-2 displays Petro-Canada’s McClellan #3- 5 log suite. 
Displayed are the typical log patterns within the Codell in the Central Wattenberg Field. The 
gamma-ray has very little response through the Codell and into the underlying Carlile Shale. The 
gamma ray has little response within the sandstone. The high gamma value within the Codell is
due to the abundance of clay within the sandstone. The resistivity within the formation ranges 
from as low as 5 ohms to as high as 10 ohms. The readings are not significantly higher than those 
from the underlying shale. The relatively, and consistently, low resistivity readings are due to the 
high clay content. Porosity values taken from both neutron and density logs throughout the 
whole Central Wattenberg field are between 5-24%. Core analysi, as discussed previously, 
indicates porosities of 5-13%. The density readings are often the highest porosity readings of the 
two logs, which is a result of gas saturation and the clay content. 
 
Figure 7-2: Standard log suite. Logs from left to right gamma ray, resistivity, and porosity. Depth 




Under the definition of the Federal Energy Regulatory Commission the Codell Sandstone 
would be classified as a “tight” oil and gas sand. The in-situ permeabilities that were studied 
within the three analyzed cores are less than 0.001 md (Table 7-1). As has been reviewed and 
discussed previously, these extremely low permeabilities are the result of small pore throat 
apertures, and pores filled by detrital and authigenic illite and chlorite. The maximum average 
permeability values within the Codell Sandstone in the Wattenberg Field reach 0.228 md 
(Birmingham et al., 2001). 
 
Table 7-1: Permeability measurements at stress. The testing was completed by Synder Oil. The







(cm) Diameter (cm) Permeability (md) 
Petro Quest B 
6815' 2700 2.637 2.515 2.28E-04 
6816' 2700 1.694 2.515 9.10E-04 
6825' 2700 2.388 2.512 1.58E-04 
Franks #1-13 
7030' 2700 3.802 25.04 6.61E-04 
7031.5' 2700 4.343 2.507 2.99E-04 
7037' 2700 3.937 2.515 7.79E-04 
Harrington #2-
30 
7096' 2700 2.527 2.489 2.89E-04 
7102' 2700 2.642 2.494 7.01E-04 
7106' 2700 2.7 2.502 2.71E-04 
 
Hydrocarbon generation i  a closed system leads to an over-pressured reservoir. The 
Central Wattenberg Field is in the middle of the Wattenberg thermal anomaly. The anomaly has 
been described by Meyer and McGee (1985), Weimer (1996), Highley and Cox (2005), 
Sonnenberg (2013), and others. The source of the high heat flow is thought to be an igneous 
intrusion at depth in basement rocks (Higley et al., 2003). The temperature anomaly cincides 
with where the Colorado Mineral Belt (a northeast-trending zone across Colorado of Tertiary and 
102 
 
Late Cretaceous mineralization associated with high heat flow) intersects with the Denver Basin
(Figure 7-3) (Sonnenberg, 2015). This intrusion results in a higher heat flow, higher vitrinite 
reflectance, and a higher pressure gradient for the Central Wattenberg Field due to hydrocarbon 
generation. The area is considered over-pressured, in excess of 0.5 to 0.65 psi/ft (Figure 7-4). 
The overpressure system and geothermal anomaly in the area suggest that the Central 
Wattenberg is a basin-centered oil and gas accumulation.   
 
Figure 7-3: Vitrinite reflectance data from source rocks showing geothermal hotspot over the 
Central Wattenberg Field after Higley and Cox (2005). Basement faults after Weimer (1996). 




Figure 7-4: Codell pressure gradient after Birmingham, et al. (2001). The basement faults are after 
Weimer (1996) and the Vitrinite Reflectance is after Higley, et al. (2003). Ro value greater than 
0.9 shown with orange outline, cores shown with black stars. 
 
7.2. Source 
Evaluation of petroleum source rock is based on the amount and type of organic matter in 
the rock and on the level of organic matter thermal maturity (Panigoro, 1988). The most 
important and recognized source rocks in the Cretaceous of the Denver Basin include in 
ascending order the Mowry, Huntsman, Graneros, Greenhorn, Carlile, and Sharon Springs
Member of the Pierre Shale (Clayton & Swetland, 1977, 1980; Grautier et al., 1984; Meissner et 
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al., 1984; Sonnenberg, 2014). The most logical petroleum source rock for the Codell Sandstone 
reservoir would seem to be the underlying Carlile Shale and the Greenhorn Limestone. However, 
recent studies done by Cirque Resources in 2015, as well as Weimer & Sonnenberg (1983), 
Birmingham et al. (2001), and Sonnenberg (2013; 2015) suggest that the most prolific source for 
the Codell Sandstone is the overlying Niobrara Formation. The likely answer is that the Codell is 
being sourced by multiple formations both overlying and underlying it. The most important 
source beds are the Greenhorn Formation, the Lower Carlile Shale, and the Niobrara F rmation.  
Hydrocarbon generation in the Denver Basin started in the Late Cretaceous (Clayton and 
Swetland, 1980; McMillan, 1980; Meissner et al., 1984). The heat that is needed for concentrated 
hydrocarbon generation was provided by the Colorado Mineral belt which intersects with he 
Denver Basin right through the middle of the Central Wattenberg Field. 
The Greenhorn Formation lies just beneath the Carlile Shale. The formation consists f 
thin limestones along with dark black to grey organic-rich shales. These organic-ri h intervals 
within the Greenhorn are the source beds themselves. They are dominantly Type II sapropelic 
source rocks, which are capable of generating both oil and gas. Kauffman (1977, 1985) described 
these organic-rich marl and shale members of the Greenhorn Formation. He concluded that the 
total organic carbon content ranges from 0.5 to 5 weight percent. 
The Niobrara Formation is considered to be self-sourcing from organic marlstone 
interbeds, producing oil and gas from fractured, tight, carbonate reservoirs. These Niobrara 
source rocks have been analyzed by several different works, and have been concluded to be Type 
II, oil -prone kerogen. The total organic carbon content within the Niobrara can be as high as 8 
weight percent in parts of the Denver Basin, with an average of 3.2 weight percent (Ri , 1984). 
Several operators such as PDC Energy and Cirque Resources believe that the Codell 
Sandstone is sourced entirely from the Niobrara (2015). The operators also view both formations 
105 
 
as part of the same petroleum system. Cirque conducted a study in May of 2014 to better 
understand the source of the oil they were producing from their Codell Wells. They ran several 
tests and found that “a number of thermal maturity sensitive biomarkers (C27 & C29 terpane 
Ts/Tm, C30 diahopane/hopane, C27 diasterane/regular sterane & triaromatic ster nes), not used 
in genetic-based statistics, were converted to the primary principal component then assigned a 
vitrinite reflectance value (VRE) to each oil sample. The VRE of the well located in Weld 
County Colorado suggests SR Family of Niobrara 1.2” (Table 7-2).  
 
Table 7-2: Geochemical synopsis of Cirque Resources’ 2015 analysis. One Codell well from 
Weld County Colorado was sourced by the Niobrara. Modified from (Cirque, 2015). 
Sample ID County/State Field Well % VRE SR Family Reservoir 
WY1317 Laramie, WY Wildcat Dewey 7-9-1CH 0.79 Niobrara 1.2 Codell 
WY1318 Laramie, WY Atlas Rosemary 31-3-1CH 0.81 Niobrara 1.2 Codell 
WY1319 Laramie, WY Wildcat Gaviota 35-12-1CH 0.88 Niobrara 1.2 Codell 
CL0916 Weld, CO Wildcat Railay 28-3-1CH 0.76 Niobrara 1.2 Codell 
 
Thermal maturity in the Central Wattenberg Field plays a significant role in Codell 
production. Thermally mature areas for the Niobrara are shown in Figure 7-5(Sonnenberg, 
2014). The thermally mature areas have an Ro value greater than 0.6 and indicates source rock 
that has entered the oil maturity window. More peak oil maturity is seen where Ro is greater than 
0.8, such as in the CWF thermal anomaly. Areas of mature source rock coincide with the areas of 
current Codell production. 
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The Codell Sandstone sits between the Niobrara Formation and the Greenhorn 
Formation. Recent industry testing has concluded that the Codell is sourced solely from the 
Niobrara Formation. The sandstone, however, is likely sourced from the Greenhorn Formation 
below as well as the Niobrara Formation above, but is subject to further study. 
 
Figure 7-5: Modified from Sonnenberg (2014). Displaying source rock maturity for the Niobrara 
Formation from Smagala et al., (1984). Ro values that are greater than 0.6 indicate prob ble 
areas of mature source rocks for the Codell.  
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7.3. Migration and Impedance 
The intersection of the Colorado Mineral Belt and the Greater Wattenberg Field has made 
a very thermally mature field. As has been discussed previously thermal maturity plays a 
significant role in the production of the Codell Sandstone. The Colorado Mineral Belt isnot the 
only reason for the excellent thermally mature nature within the area. Zones of basement 
weakness, resulting in extensive basement faulting, that are directly below the Central 
Wattenberg Field help to enable high heat-flow from the mantle to thermally generate oil and gas 
from the organic-rich source beds above. The Codell Sandstone is in close contact with, or close 
proximity to thick hydrocarbon sourcing beds (Niobrara, Carlile, and Greenhorn), which enables 
short distance migration paths into the reservoir (Birmingham et al., 2001). 
Oil that has been generated in the underlying Greenhorn Formation becomes expelled 
through micro-fractures and into the Codell Sandstone. The oil is migrates from an area of excess 
pressure via expulsion micro-fractures into surrounding reservoirs.  
Through thermal maturation hydrocarbons are generated in the organic-rich Niobrara 
Formation. The hydrocarbons are then expelled through micro-fractures in the Fort Hays and into 
the Codell Sandstone. The Niobrara oil then migrates from the area in the Niobrara where there 
is excess generation and into the lower pressure areas of the Codell (Figure 7-6) (Cirque, 2015). 
Once generation and migration of hydrocarbons has taken place there must be something 
in the reservoir to effectively trap fluids create an economic supply. The barriers to this flow are 
controlled by structural compartmentalization, stratigraphic compartmentalization, nd low 
permeability. In every reservoir at least one of these must occur in order to keep the generated 
hydrocarbons in place. In the case of a bas-centered oil and gas accumulation, such as the CWF, 
the primary barrier to flow is the low permeability, with structural and stratigraphic 




Figure 7-6: Model modified from Cirque Resources (2015). Oil generated in the Niobrara travels 
through fractures in the Ft. Hays Limestone and into the Codell Sandstone. The oil then migrates 
from the area of “excess” generation into lower pressure areas. Oil from below is generated and 
migrates through fractures into the low permeable areas of the Codell. 
 
The contact between the Fort Hays member of the Niobrara Formation and the Codell 
Sandstone acts as an effective seal where there are no natural faults and micro-fractures. This 
was first shown by Birmingham et al. (2001) through testing the abrupt stress contrast. The stress 
contrast exceeded 1600 psi between the Fort Hays Limestone and the Codell Sandstone (Table 7-
3). The abrupt change in stress magnitude points to an affective barrier at the Fort Hays Codell 
contact. The overlying Fort Hays Limestone acts as a more competent seal to vertical intrusions 
from hydraulic fracture stimulation. However, there are still naturally occurring fractures that 
connect the Fort Hays to the Codell below. 
The petroleum in the Codell is a basin-centered accumulation, however, in areas of the 
Wattenberg fluids can be structurally trapped due to complex normal faulting. Complex normal 
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faulting creates structural compartments (Ladd, 2001; Birmingham et al., 2001). For faults to act 
as barriers, they must be impermeable seals to both hydrocarbon movement and reservoir
pressure (Birmingham, 1998). Faults affecting the Codell are thought to be sealing, ffectively 
isolating the ubiquitous reservoir into a series of fault-bounded compartments (Boone et al., 
1998; Birmingham, 1998). Four main mechanisms, originally recognized by Yielding et al. 
(1997), are responsible for fault plane sealing: (1) juxtaposition is defined as the placement of a 
permeable reservoir against an impermeable bed across the fault plane, (2) clay smearing is the 
deformation and concentration of clays into an impermeable layer, (3) cataclasis is deformation 
accomplished by fracture, rotation and crushing of mineral grains, often producing a powdered 
rock by-product (i.e., a mylonite), and (4) postdepositionally, exclusive of weathering and 
metamorphism. Most faulting occurred just after Niobrara deposition, providing an emplaced 
sealed fault system prior to oil and gas migration (Boone et al., 1998, Birmingham et al., 2001).  
 
Table 7-3: Data taken from Birmingham et al., (2001). Fracture closure pressures (static stress) 
for three Codell producing wells, Wattenberg Field. Strong stress contrasts and gradients are 
seen between the Ft. Hays and Codell and are interpreted to be abrupt. The contrasts between th  













A Ft. Hays 7206 N/A 6792 N/A 0.943 
  Codell 7213 5614 5878 0.78 0.815 
  Carlile 7275 6670 6622 0.92 0.924 
              
B Ft. Hays 7400 7048 N/A 0.952 N/A 
  Codell 7424 5540 N/A 0.733 N/A 
  Carlile 7465 6289 N/A 0.842 N/A 
              
C Ft. Hays 7360 6683 N/A 0.901 N/A 
  Codell 7380 4929 N/A 0.668 N/A 
  Carlile 7420 5840 N/A 0.787 N/A 
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As has been discussed and analyzed previously the Codell Sandstone has abundant clay 
composition. At times the clay content can be in excess of 30%. The abundant clays within the 
Codell Sandstone provide plentiful materials for impermeable seal development along he fault 
planes as fault movement occurs (Boone et al., 1998). 
Through the previously discussed SEM and MICP analysis, along with research of 
previous studies, juxtaposition and clay smearing have been identified as the dominant 
mechanisms involved in Codell fault sealing in the Central Wattenberg Field. Basement faulting 
along with low permeabilities aid in the trapping of hydrocarbons, but they are not as effective as 
the clay content and the juxtaposition of an impermeable bed across the fault plane within the 
Central Wattenberg Field.  
The Codell Sandstone in the Central Wattenberg Field is complex. The Codell is a bas n-
centered oil and gas accumulation with areas of conventional structural traps but is subject to 
further study requiring seismic data. 
7.4. Production 
Production within the Wattenberg Field has been documented since Amoco began 
producing from the J Sandstone in 1970. With more formations then ever being drilled and 
increasing volume production from Wattenberg today, one thing becomes evident, the 
Wattenberg is a giant field. Over 65% of the total oil production and 35% of the total gas 
production in the Wattenberg Field has come from the Codell Sandstone or the commingling of 
the Codell with the Niobrara Formation.  
7.4.1. Wattenberg Field 
Within the whole of the Wattenberg Field there are a total of six formations that are 
currently being produced from. The formations are, in ascending order, Dakota Formation, J 
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Sandstone, the Greenhorn Formation, Codell Sandstone, the Niobrara Formation, and finally the 
Hygiene and Terry members of the Pierre Shale. Recent exploration attempts have been mad  to 
form viable plays within the Fort Hays Limestone and the Mowry Formation. These have not had 
enough testing done to be considered viable or not.  
The Wattenberg Field was first discovered by Amoco in 1970 when they made a 
discovery in the J Sandstone. Since that time, 46 years ago, over 36,000 wells have been drilled 
in all different horizons. Operators originally were not certain the field would last long. They 
also believed that the field was going to be solely a gas field. The original estimated ultimate 
recovery was set at 1.3 trillion cubic feet (Tcf). Their beliefs were driven by the decline curves of 
the original wells drilled. The gas wells would produce at a low rate and were believed to have a 
life of 20 years or more. Production declined at a rate of 50% per year for the firs  year or two 
and then decline at a rate of 10 to 20% per year for the remainder of the life of the well (Figure 
7-7) (Weimer et al., 1986). 
 
Figure 7-7: Modified from Weimer et al., 1986. Decline curve for J Sandstone production. Rates 
for gas are Mcf per month and condensate in Bbl per month. Amoco Rocky Mountain Fuel well, 
T1N-R67W-Sec. 8.  
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Just over fifteen years after the original discovery in the J Sandstone nearly 1,000 wells 
had been drilled and completed in the Wattenberg Field. The Codell and Niobrara had been 
discovered, though not properly exploited, as well as a few other formations. Production from all 
wells spanning multiple formations had begun to produce at very high levels. On average each 
well in 1985 was producing 100 barrels of oil (Bo) and 1000 Mcf of gas per day (Figure 7-8).The 
Wattenberg was becoming a very large oil and gas production field in the United States. 
 
Figure 7-8: Historical daily production rates from the over 1,000 Codell wells drilled and 
completed in the Wattenberg Field before 1986. Oil rates are in barrels of oil per day (Bopd) and 
gas rates are in Mcf per day (Mcfd). Data from IHS Enerdeq and Petra. 
 
The Wattenberg Field has transformed into a giant oil and gas field. It is currently the 7th 
largest gas field in the United States, and the largest in Colorado. The current daily field 
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production is 105,000 Bopd and 700 MMcfpd (Figure 7-9). To date the cumulative production 
from all producing horizons in the Wattenberg Field is over 210 MMbo and 4.03 Tcf (1,070 
MMboe). There are few fields in the United States that surpass their original EUR and sustain 
production increases every year for over forty plus years. The largest contributor to those 
numbers is the production coming from the Codell Sandstone or the commingling of the Codell 
and Niobrara Formation. 
 
Figure 7-9: Production chart displaying daily historical rates for all wells drilled and completed 
in the Wattenberg Field. Current daily rates are at an all-time high of 105 Mbo and 700 MMcfg 
per day. Data from IHS Enerdeq and Petra. 
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7.4.2. Codell Sandstone, Central Wattenberg Field 
Production numbers have been obtained using IHS Petra, IHS Enerdeq and the Colorado 
Oil and Gas Commission. A limit was put around the number of wells that could be used to 
contribute to the production numbers. Only wells that could be verified that were producing from 
the Codell Sandstone and no other formation were used to create the production numbers for the 
Central Wattenberg Field. Lots of wells were commingled with the J Sandstone bel w and the 
Niobrara above, and through log analysis and data mining in the completion files thos 
commingled wells were dropped from the list and were not used in the final production numbers. 
The Central Wattenberg Field, as has been defined before, covers the townships of 3N to 6N and 
Ranges 64W to 67W (Figure 7-10). Since the discovery of the Codell Sandstone in 1981 there 
have been over 5,000 wells drilled and completed in the Central Wattenberg Field that produce, 
or have produced at one time, exclusively from the Codell.  
 
Figure 7-10: Map showing the outline and location of the Central Wattenberg Field. Faults after 
Weimer (1996). Black stars display the locations of the described cores. 
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The first Codell wells were discovered, and began producing in 1981. That year five 
wells were completed and put on production. They averaged more than 530 Bo per year and 
more than 6,951 Mcf per year. While the numbers were not overly impressive, they were strong 
numbers for five wells in an unknown play. Through the rest of the decade, up until December 
1989 over 1,000 wells were drilled and completed in the Codell Sandstone in the Cen ral
Wattenberg Field (Figure 7-11). The over 1,000 wells cumulatively produced 8,891 Mbo and 71 
MMcf. The average for each wells’ yearly production was 1,507 Bo per year and 12,180 Mcf per 
year. The Codell was seen as a trong producer and one that would continue producing for the 
foreseeable future. 
 
Figure 7-11: Cumulative production bubble map showing all wells drilled and completed before 
1990. The larger the bubbles the larger the wells cumulative production is. Gas production or Oil 
production wells produce both oil and gas.  
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During the course of the 1990s there were several economic ups and downs, and 
fluctuations in the oil and gas prices. The Central Wattenberg Field continued o s e production 
growth through the decade. Drilling and completing an additional 1,600 wells (Figure 7-12). The 
Central Wattenberg Field finished the decade with over 2,700 producing wells and more than 18
MMBo and 213 MMcf. For the ten year span of the 1990s compared to the 1980s over 9 MMbo 
and 142 MMcf more was produced from the Codell. The 1,600 new wells brought into 
production were being drilled faster and cheaper, and were producing at higher levels. Codell 
wells starting in 1991 were also being hydraulically re-fracture stimulated. That added to the 
overall Codell production numbers. Even with some economic ups and downs the Codell within 
the Central Wattenberg Field looked strong. 
 
Figure 7-12: Cumulative Production bubble map showing all wells drilled and completed 
between 1980 and 2000. The larger the bubbles the larger the wells cumulative production is. 
Gas production or Oil production wells produce both oil and gas. 
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The Central Wattenberg Field continued to see an increase in drilling and production 
from the Codell Sandstone in the 2000s. There were over 1,700 wells that were drilled and 
completed in the Codell during the decade (Figure 7-13). The end of the decade signaled the 
beginning of horizontal drilled and completed wells (the first horizontal wells were drilled in 
2009). By the end of the decade more than 30 MMbo and 394 MMcf had been produced in the 
ten year span from the Codell alone. The new wells were both vertical and horizontal and led to 
an increase in production of 12 MMbo and 180 MMcf as compared to the decade previously. 
The advent of horizontal drilling along with continued vertical drilling and hydraulic refracture 
stimulation continued the Codell’s production increase. Aside from horizontal drilling there were 
more unproductive wells drilled than ever before. Their close proximity to very economical wells 
helps to supports the theory of compartmentalization within the Codell reservoir. This could, 
however, be due to the damage done from the refracture programs. It also demonstrates the 
importance of creating a connection with natural fractures in order for the wells to produce at 
economical viable levels.  
From 2010 until present more than 500 Codell wells have been drilled and completed in 
the CWF. The majority of the wells drilled were horizontal. Some of the horizontals drilled had 
lateral sections of more than 7,000 ft. Oil production during the past five years have been the 
ultimate goal of operators with oil prices soaring over $100 per barrel along with gas prices 
falling to historic lows. This caused operators to work to extract oil predominately, with any 
produced gas being a bonus. Over the five year span more than 61 MMbo and 374 MMcf were 
produced from a total of over 5,000 wells. Comparing the first five years of the decade compared 
to the last five years of the previous decade production increased by more than 42 MMbo and 
193 MMcf. The significant increases in production are likely due to the increase in the number of 
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horizontally drilled and completed Codell wells. The drilling of horizontal wells likely increased 
the success rates of Codell wells. 
 
Figure 7-13: Cumulative production bubble map showing all wells drilled and completed 
between 1980 and 2010. The larger the bubbles the larger the wells cumulative production is. 
Gas production or Oil production wells produce both oil and gas. Pressure gradient contours and 
Ro of J Sandstone greater than 0.9 displayed. 
 
Since 1981 more than 5,000 wells have been drille  and completed in the Codell 
Sandstone within the Central Wattenberg Field. The cumulative production from the Central 
Wattenberg Field is greater than 119 MMbo and 1.054 Tcf exclusively from the Codell 
Sandstone. Just as is the case in the Greater Wattenberg Field, in the Central Wattenberg Field 
production has been increasing since production began from the Codell Sandstone more than 
thirty years ago. 
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Looking through the production numbers and the locations of the high production wells 
revealed that the Codell Sandstone within the CWF is possibly compartmentalized (subject to 
further study with seismic data).  Close proximity of production wells and dry wells, suggests 
that connection with natural fractures through hydraulic fracture stimulation is vital for 
commercially economic levels of production. Horizontal drilling will reduce the risk of drilling a 
dry hole due to more exposure to the reservoir. This may also allow operators to drill “fringe” 
wells that are outside of high pressure and geothermal areas with thinner reservoi . Examining 
completion techniques will help lead to a more concrete conclusion. 
7.5. Completion 
In order to produce economic quantities of oil and gas from the Codell Sandstone within 
the Central Wattenberg Field, hydraulic fracture stimulation is a necessity. With the extremely 
tight and low permeable nature of the horizon, oil and gas will not flow into production tubing if 
left untreated.  
7.5.1. Historical Industry Standard Techniques 
Data were collected through IHS Petra and Colorado Oil and Gas Commission files that 
display completion numbers.  Industry papers were used as well in order to create a complete 
representation of industry standard techniques. 
The first vertical wells drilled targeting the Codell Sandstone in Wattenberg Field were 
drilled and completed through hydraulic fracture stimulation beginning in 1981. While the 
industry standard program for completions has changed in the last thirty years, certain 
completion aspects have not. All  wells, both horizontal and vertical, are drilled to total depth 
(TD) with oil or water based drilling mud. Then once at TD casing, known as production casing, 
is lowered into the wellbore. Once the casing has been properly lowered, cement is pumped 
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down the casing in order to cement the casing in place and prevent the wellbore from collapsing. 
After the casing is set the completion crews lower perforation guns into the pay interval and 
perforate the tubing. Finally the completion materials, usually liquids and sand, are pumped at 
high rates through the perforated tubing and into the reservoir. 
Due to the high clay content and low permeability of the Codell Sandstone, the original 
wells completed would acidize the perforated interval first. Completion crews would pump 
between 1,000 to 2,000 gallons of 15% HCl through the perforations. They would follow the 
acidizing by pumping a combination of fresh water and sand proppant for the fracture 
stimulation; totals of 90,000-100,000 gallons of water along with 150,000 pounds of sand. The 
sand was a combination of 100-mesh and 20/40, which are two different coarseness levels of
sand.   
After results for the original wells were realized, operators changed the stimulation 
design to include cross-link gel with water. Cross-link gel is meant to act as a more viscous fluid 
in order to carry the sand and water deeper into the reservoir. The standard remained beginning 
with pumping acid into the perforations; however, there was not a set standard for the type and 
amount of acid used. 15% HCl was still used, as was a lower concentration of 7.5%. The 
common practice became using KCl instead of HCl, at concentrations of between 3-7%. 
Operators between 1983-1990 saw the best results in production from lowering the amount of 
fluid pumped into the perforated intervals to an average of 65,000 gallons of water and cross-link 
gel. The amount and type of sand used during the fracture stimulation remained the same as the 
original wells with 150,000 pounds of 100-mesh and 20/40 sand. 
The start of the 1990s saw operators change the design of their hydraulic fracture 
stimulation jobs. Less acid was being used than in the previous decade, 500-1,000 gallons of 
7.5% HCl or 2-7% concentration of KCl. The acidizing was followed by a dramatic increase in 
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both cross-link gel and sand. On average operators were using 150,000 gallons of cross-link gel 
with water, and between 250,000-450,000 pounds of sand. 12/20 grade sand was added to the 
combination of 100-mesh and 20/40 sand. The most productive wells had the largest amounts of 
cross-link gel and sand pumped into the perforations. However, the worst wells had extremely 
similar completion techniques. Suggesting that communication with natural fractures is of vital 
importance in order produce at commercially economic levels. 
From 2000 through 2009 operators began creating more efficient hydraulic fracture 
stimulation designs. Acidizing the perforations before pumping in the sand and fluids was mostly 
no longer used. Operators did not find the acid as effective as new additives in th  fracture 
stimulation gel. Total amounts of both the cross-link gel and sand were lower in the 2000s as 
compared to the average totals in the 1990s. On average stimulation would be completed by 
pumping 100,000 gallons of cross-link gel with 20-30 pound primagel added, along with 250,000 
pounds of 100-mesh and 20/40 sand. The best producing wells in the decade had specialized 
additives within the stimulation fluids, known as low-polymer fracturing fluid.  Depending on 
the completion company these had different names; BJ Services called it VistarTM while 
Haliburton named their system “Phoenix”.  The worst wells pumped more cross-link gel and 
sand than the other wells while at the same time not using the low polymer fracturing fluid. This 
pattern suggests that the specialized additives increased the induced fracture lengths and 
increased the chance of a well coming in contact with the natural fractures within the reservoir. 
Emrich et al. (2001) found that adding reduced polymer CMG (carboxymethyl guar) fluid 
provided an approximately 200% rate of return, compared to the 66% rate of return seen with the
previous fluids used in years and decades past.  
Beginning in 2009 operators began drilling and testing horizontal wells. The original 
horizontal wells were hydraulically fracture stimulated using the method known as sliding-sleeve 
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(Figure 7-14). This entails a specialized separation tool assembly being run into the production 
casing along the lateral part of the well. The tool can be shifted between the full open position 
and a closed position. Engineers locate where they are within the lateral and perforate at the 
desired interval. Once they have perforated that interval, known as a stage, the engineers then 
pump a certain amount of sand and fluid at a certain pressure into that stage. After they have 
completed one stage they close the tool and slide it back to the next desired position and open it 
back up and repeat the step. Once they have completed the number of steps they pull the tool out 
and begin to produce from all the stages that were perforated and hydraulically fra ture 
stimulated. Originally the stages would be around 250 ft in length, with an average of 16 stages 
per well. Operators would use on average 2,520,000 barrels of slick water and cross-link gel 
along with 3,000,000 pounds of 100-mesh and 20/40 sand.  
In the past couple of years as technology has advanced, most operators have stopped 
using the sliding and sleeve method f r completing horizontal wells. Instead they have changed 
to the plug and perf method (Figure 7-14). This method is similar to that of the sliding and 
sleeve, and is attempting to accomplish the same goal which is to insert fractures at certain 
intervals along the lateral part of the well. However in recent years operat rs have found the plug 
and perf method to be more precise and has thus become the industry standard. The plug and perf 
method involves lowering down a plug into the production casing. Then once in place, they 
lower a perforation gun and perforate the desired interval. Once the interval has been perforated 
stimulation fluids are pumped down into the well. Once all the fluids have been pumped for that 
stage another plug is put down in the well and secured into place a certain distance from the 
previous plug. The steps are repeated until the whole lateral has been stimulated, then these 
temporary plugs are drilled out to open all perforated intervals. Operators on average have 200 ft 
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long stages, usually having 20 stages in total per well. The amount of cross-link gel ad sand 
used has increased as well to 3,360,000 gallons and 4,000,000 pounds respectively.  
Operators have had success in recent years with the use of controlled gas flowback using 
restricted chokes, an important operational enhancement. By suppressing gas production during 
the first few months of production, the reservoir pressure maintenance allows oil production to 
increase to an optimum “peak month rate” (Sheehan, 2015). Although there is a delay in 
reaching the peak month rate, subsequent months produce at shallower decline rates, inc easing 




Figure 7-14: Diagram modified from Whiting (2015) comparing sliding and sleeve (top) 
completion techniques with plug and perf (bottom). Sliding and sleeve uses packers that are left 
in the hole, while plug and perf drills out cement plugs.  
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7.5.2. Hydraulic Re-Fracture Stimulation 
The practice of hydraulic fracture stimulating the same well a second or third time is 
known as hydraulic re-fracture stimulation or more simply re-fracture. It is most frequently used 
in vertical wells that have had sharp declines in both production and reservoir pressures. The 
industry’s success rate for tight-reservoir re-stimulation is less than 1 in 10 (Pagano, 2006). A 
reservoir will usually respond to a re-fracture if a new pay horizon is opened, if the reservoir’s 
initial stimulation was inadequate, reservoir damage has ensued since the wells’ original 
stimulation, or if the conductivity within the fractures is impeded. Operators have found that a 
Codell Sandstone well will see increase production rates, and a bump in the wells decline curve, 
following a re-fracture. 
The first Codell re-fracturing in the Wattenberg Field occurred in June 1985 after a 
cased-hole drill stem test (DST) determined the Codell was under-stimulated by the original 
fracturing treatment (Birmingham et al., 2001). On average the hydraulic re-f acture stimulations 
are completed using 260,000 pounds of sand along with 120,000 gallons of cross-link gel. The 
operators also use specially designed fluid composition with specific additives. More than 4,000 
wells within the Greater Wattenberg Field have had one or more hydraulic re-fracture 
stimulations.  
Within the Codell Sandstone wells that have experienced production declines can see a 
production rise back to or above initial production upon re-stimulation (Figure 7-15). Hydraulic 
re-fracture stimulation is not an uncommon practice, but the production results seen in the Codell 
in the Wattenberg Field is unusual. The original estimated ultimate recovery fr vertical wells 
drilled and completed within the Codell Sandstone within the Wattenberg Field were betw en 
10,000-30,000 Bo and 50,000-75,000 Mcf. A single hydraulic re-fracture stimulation adds 
between 25,000 to 35,000 Boe to he estimated ultimate recovery of the individual well 
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(Birmingham et al., 2001; Emrich et al., 2001). Sencenbough et al. (2001) studied more than 
3,000 wells which had undergone re-fracturing and discovered that the cost of each re-fracture 
was less than $4.23 per Boe produced. The average cost to complete a vertical hydraulic re-
fracture stimulation range from $105,750 to $148,050. The overall cost of hydraulic re-fracture 
stimulation is shown to be relatively low, and something that can have a high rate of return even 
in low oil and gas price markets. 
 
Figure 7-15: Production chart displaying monthly production rates. Oil rates are displayed in 
green and gas rates in red. Re-fracturing process took place in late 1999 and is reflected by the 
sudden surge in production. Noble Energy Boresen #1, T5N-R67W-Sec. 12. Data obtained from 
IHS PetraTM. 
 
Birmingham et al. (2001) discovered that some areas experienced hydraulic 
communication between newly re-fractured wellbores and adjoining neighbors. The offset well 
immediately experiences a sudden drop or surge, often invaded by gel or sand from the offset 
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stimulation.  Operators have since been able to adjust and shut in offsets while re-fracturing a 
well. The day of lost production from the shut-in well is a drawback to the process. The benefits 
to the operators’ bottom line certainly outweigh the costs. 
Hydraulic re-fracture stimulation may also be useful due to the pressure depletion that 
accompanies the withdrawal of hydrocarbons within the Codell. As operators produce a well for 
years, the pressure is not maintained. This leads to the originally induced fracture wings to be 
effectively closed. Thus the well loses communication that was originally established with the 
natural fractures in the reservoir. Pagano (2006) postulated that with the Codell being 
overpressured, after completion has taken place and the initial pore pressure has been depleted,
which causes the induced fractures to collapse, and production declines to become further 
exaggerated. The re-fractures reengaged the closed micro-porosity through increase in the 
pressure gradient and addition of low polymer fracture fluid, which reinvigorates production. 
While the hydraulic re-fracture stimulations reengage the lost micro-porosity, it also creates 
reorientation within the induced fractures. Wolhart (2007) tested the re-fractures using tiltmeters, 
and concluded that hydraulic fracture reorientation is occurring in the Codell in the Wattenberg 
Field due to re-fracturing. The reorientation of the fractures was shown, however, to have no 
relationship with the production results.  Combining those results would suggest that pressure 
depletion is likely the leading cause for the success of hydraulic re-fracture stimulation. The 
difference, however, is that he production is now coming from new or newly oriented fracture 
wings and not just the original ones.   
7.6. Horizontal versus Vertical Wells 
The production and economic data used to properly compare the vertical wells to the 
horizontal wells within the Central Wattenberg Field was obtained from IHS PetraTM, IHS 
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Enerdeq, PI/Dwight Drilling Data, Colorado Oil and Gas Commission, and E&P company 
shareholder presentations.  
The Codell Sandstone within the CWF is a prime target for horizontal drilling. The 
reservoir is a tight, clay-rich, impermeable, and fractured, with net pay that is 10-30 ft thick. 
Since the advent of horizontal drilling in 2009, operators have begun focusing their attentions 
almost completely on drilling these new long reach lateral wells in order to maximize their rates 
of return.  
7.6.1. Production 
For nearly thirty years wells drilled, completed, and produced within the Central 
Wattenberg Field were all vertical ones. From 1981 through 2009 more than 4,400 vertical wells 
were drilled within the limits of the CWF (Figure 7-16)  
 
Figure 7-16: Map displaying all vertical Codell wells drilled and completed between 1981 and 
2009 within the Central Wattenberg Field.  
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The vertical wells were drilled very quickly, usually 3-4 days from surface to total depth 
(TD). Initial rates from the Codell wells were consistently between 25 to 100 Bo and 100 to 550 
Mcf per day. These numbers are considered good to excellent production numbers from a 
vertical well that has perforations covering on average less than 10 ft o  reservoir. As has been 
discussed previously the vertical wells drilled and completed in the Codell had very sharp 1-2 
year declines, often around 80%, followed by the remainder life of the well declining at 10-20% 
(Figure 7-17). This led operators to predict initial estimated ultimate recoveries (EURs) to range 
from 40,000-100,000 Boe. At the time operators believed these results to be solid and 
economically viable. Beginning in 1985, as was discussed in the previous section, operators 
started to hydraulically re-fracture stimulate their wells with great success. Noble Energy (2013) 
has reported that vertical wells that have been re-fractured add 15,000-25,000 Boe to the 
individual well EUR. Operators also experimented, and had success with, hydraulically re-
fracturing their wells for a third time (Figure 7-18). Re-fracturing for a third time added an 
additional 10,000-15,000 Boe to the EUR of each individual well. V rtical Codell wells drilled 
and completed within the Central Wattenberg Field have, on average, an EUR of 40,000-140,000 
Boe depending on the amount, and success, of hydraulically re-fraction stimulation. Consistent 
results and successful re-fractures kept the operators drilling Codell vertical wells for nearly 
thirty years.  
Beginning in 2009 operators began experimenting with horizontally drilled Codell wells 
within the CWF. Two years later horizontal Codell wells became a foc l point in Wattenberg 
drilling. In the following years operators began to perfect drilling these wells. Typically, to drill a 
horizontal Codell from spud to TD was 6 to 8 days. Since 2009 more than 600 horizontal wells 




Figure 7-17: Standard monthly production decline curve for a Codell vertical well. Oil is 
displayed in green, gas in red. Monthly production rates from initial production in 1984 until 
2000. PDC Energy Nelson P #34-42, T5N-R67W-Sec. 34. Data obtained from IHS PetraTM. 
 
 
Figure 7-18: Decline curve showing monthly oil and gas production rates for a typical vertical 
Codell well. The well was re-fractured and then re-fractured for a third time as can be seen in the 
two surges in production in 1994 and again in 2002. Noble Energy Coleman 22-7[4, T4N-
R64W-Sec.22. Data obtained from IHS PetraTM. 
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Once the wells were drilled and completed operators found immediate success in th 
horizontal Codell wells, with IPs ranging from 200 Bo per day to more than 1,500 Bo per day. 
Just as with the vertical wells, horizontals have fairly sharp declines. The horizontal wells have a 
1-2 year decline of approximately 60%, followed by a gradual 10-20% for the remainder of the 
wells life. Typical EURs for these horizontal wells ranges from 290 Mboe to more than 500 
Mboe. Though none of the horizontal wells have been producing for more than 7 years, at the 
time this was written, operators are confident in their declin  curves.  
These numbers can be seen throughout the entirety of the CWF’s production. Between 
1981 through 2009 the average well was producing 1,060 Bo and 11,187 Mcf per year. Starting 
in 2011 when horizontal drilling had become the focal point, yearly oil production rates per well 
rose by more than 200%, to be 2,312 Bo and 13,433 Mcf per year. Increase in yearly production 
rates and EURs have operators moving toward horizontal drilling only within the CWF. These 
horizontal wells also allow for production from areas outside of excess pressure and temperature 
anomaly. The horizontal wells come in contact with more of the reservoir and therefore do not 
need to be in the “sweet-spot” locations, and can in fact create opportunities within the “fringe” 
areas of the Wattenberg Field. 
7.6.2. Economics 
Understanding the cost to drill and complete a well is vital when determining whether a 
decision is commercially economic or not. For many obvious reasons vertical wells will always 
be significantly cheaper to drill and complete than horizontal wells. All numbers generated are 
considered the average, of all costs and production numbers. Numbers were gathered from 




Vertical wells were originally costing operators on average $100,000 to drill in the 1980s. 
This number was generated from an average of 4 days of drilling, and standard rig day rates. In 
order to produce from the wells the operators paid on average $300,000 in order to hydraulically 
fracture stimulate them. During the early stages of development in the field to begin producing 
from a single well, operators would have to make an investment of $400,000. As technology 
advanced, and completion costs increased, operators found the expenses rising. According to 
Noble Energy and Sundance Energy in the past fifteen years the typical cost to drill and complete 
a Codell vertical well within the Wattenberg Field is between $655,000 and $800,000. A typical 
vertical well, which has a P50 (50% probability) EUR of 70,000 Boe would cost the operator on 
average $10.39 per Boe that they produced (exclusive of land, infrastructure and overhead costs). 
That is also not taking into account that nearly all Codell wells within the CWF have been re-
fractured. The typical cost of hydraulically re-fracture stimulate a well is $126,900, which brings 
the operators total investment to be $781,900-$926,900. This is not a lost investment, of course, 
it adds around 20,000 Boe to the overall EUR of the well. With the new EUR of 90,000 Boe and 
a total investment of approximately $855,000, the Codell vertical wells that have been 
hydraulically re-fracture stimulated cost $9.49 per Boe that they produce. This shows that 
operators can lower their overall costs, and increase their revenue possibilitie  y re-fracturing 
their Codell wells. 
The real problem with vertical wells is they drain less of the reservoir and therefore will 
require more wells to be drilled, closer together, in order to drain a larger section. Originally 
wells had to be spaced at least 80 acres apart, but Boone et al. (1998) showed that the wells were 
usually draining only 15-30 acres. With the new found knowledge the Colorado Oil and Gas 
Commission passed rule 318A allowing operators to drill vertical wells on 20 acre spacing. This 
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meant that 32 vertical Codell wells were being drilled per section. The cost per section would be 
approximately $27,360,000 for a total EUR for each section of 2,880,000 Boe.  
Horizontally drilled wells are more expensive than vertically drilled ones. The hopeful 
benefit is that they produce more hydrocarbons. Operators only need to know whether or not it is 
more cost effect to drill fewer more expensive horizontal wells, or more inexpe sive vertical 
wells. Additionally, horizontal wells have less surface environment impact. 
When operators first began drilling and completing horizontal wells within the CWF their 
expenses were extremely high. According to EOG Resources they were as much as $7,700,000 
per well. As operators drilled more horizontal wells, and became more comfortable, the costs 
dropped significantly. EOG Resources, Cirque Resources, Anadarko, PDC Energy, Synergy 
Resources, Bonanza Creek, Noble Resources, and Carrizo Oil & Gas are all current y d illing 
horizontal wells for an average of approximately $4,000,000 per well. Typical wells have laterals 
of 5,000 ft. and EURs of 400 Mboe. The cost per Boe produced for operators drilling horizontal 
wells is approximately $10.00. Operators have reported drilling longer laterals called extra reach 
laterals (XRLs) which are greater than 6,000 ft and up to 9,000 lateral feet. These XRLs are 
reporting EURs of 750 Mboe and costing approximately $7,700,000. That means operators that 
are drilling and producing these XRL wells are paying $10.26 per Boe produced.  
Horizontal Codell wells have better drainage than the vertical ones, being estimated to 
drain 40-acres on either side of the lateral, or 80-acres in total (Figure 7-19). This means 
operators are likely to begin drilling on 80-acre spacing (approximately 500-600 feet between 
laterals) within the Codell in the CWF, and put eight Codell wells per section. The total cost 
would be more than $32,000,000 and would have a total EUR for the section of 3,200,000 Boe. 
The extra 320,000 Boe that will be produced using the horizontal wells is what makes the 
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horizontal drilling more effective. The operator will produce more than what would be possible 
with vertical wells and thus generate more revenue.  
While understanding the cost of vertical wells versus horizontal wells are important to 
understand, they are likely a moot point in 2016. Due to the over thirty years of drilling on closer 
and closer spacing there is little to no acreage left to drill new vertical wells. This leaves an 
operator with two options; either to continue hydraulically re-fracture stimulations on the 
existing vertical wells, or drill horizontal wells between them. While the drilling betwe n 
existing producing wells is always a risk, the reward outweighs the risk. Horizontal wells will 
produce more than the vertical wells ever could, at a faster rate and cost only slightly more per 
Boe produced than the vertical wells that have been re-fractured once. Noble Resources reports 
that their vertical wells were not thrown off-line and maintained decent decline curves after 
drilling and completing their horizontal wells between them.  
 
Figure 7-19: Ariel view of microseismic test. Well 1 and Well 2 show total fracture lengths of 80 
acre drainage (40-acres on either side). There is potential to add two additional horizontal wells. 
Modified from PDC Energy (2013). 
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Looking only at the numbers, the conclusion is that vertical wells cost less on a per Boe 
produced level. These numbers were generated from industry average costs and average 
production. Hydraulic re-fracture stimulation is very cost effective, and something that operators 
are likely to utilize with low oil and gas prices. The most important economic conclusion 
becomes clear in the Central Wattenberg Field; drilling horizontal Codell wells will add millions 
of Boe’s to the overall EUR of the field. These additional millions of Boe would not be 
accessible without the drilling of horizontal wells. Additionally it is at a cost, per Boe produced, 
that is only slightly more than what operators’ have paid for the last 35 years. With the horizontal 
wells producing at a much higher rate than the vertical wells, the horizontal wells also allow for a 
faster return on investment. This makes horizontal drilling extremely attractive and economically 
viable for operators, land owners and investors alike.  
7.7. Discussion 
The Codell within the Central Wattenberg Field is a tight, clay-rich, low permeability 
sandstone. The high geothermal gradient (source rock maturity), natural fracturing and faulting, 
and overpressure nature of the field are primary factors for the economic success of production 
from the Codell. In addition the tight nature and low permeability of the Codell Sandstone aid i  
the trapping of economic hydrocarbon accumulations.  
Sourcing of the Codell hydrocarbons comes from the Greenhorn Formation below, and 
the Niobrara Formation above. Hydrocarbon migration occurred through natural micro-fractures 
and faults into the Codell reservoirs in a fault-bound, basin-centered configuration.  
Through hydraulic fracture stimulation natural fractures can be enhanced, and the 
reservoir’s permeability can be increased in order to allow for the flow of oil and gas. Thus, 
hydraulic fracture stimulation is a necessity within the Codell.   
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Vertical wells that have been hydraulically re-f acture stimulated see production rates 
return to near initial, and increase EURs by more than 50%. The likely reason for this succe s is 
due to the pressure depletion within the reservoir and then the opening up of new and newly 
oriented fracture wings. Technology, such as low polymer fracture fluid and CMG gaur, aid in 
the enhanced recovery from secondary hydraulic re-fracture stimulation as well. This method of 
hydraulic re-fracture stimulation with advanced technology may be applicable to other reservoir  
that have abundant micro-pores and very low permeability. 
Though horizontal wells are more expensive than vertical ones, the investment is a solid 
one, due to a proportionate increase in produced hydrocarbons. With surface space becoming 
extremely limited, and some vertical wells approaching 40 years of production, horizontal wells 
are likely the most cost effective (with least surface impact). Horizontal wells cost only slightly 
more per Boe produced than that of a vertical well that has been re-fractured. The horizontal 
wells will also increase the overall EUR for the field significantly. Additionally, they allow for 
“fringe” drilling, which will also add to the overall EUR of the field as well as allow f r the 
possible expansion of the defined field limits.  
The most optimal advantage to a horizontal well for the investors is the rate of return on 
their investment. With horizontal wells producing hydrocarbons at rates, sometimes as high as 
ten times the amount of vertical wells, investors as well as operators will get their returns much 
faster. This allows companies to pay down debt, increase drilling programs, and pay back their 
investors. Ultimately leading to more investors lining up, and even more drilling and production. 
Production within the Wattenberg Field has been rising steadily since Amoco’s 1970 J 
Sandstone discovery. One of the most important reasons for the ever increasing success of the 
field is the discovery of the Codell Sandstone. 




CHAPTER 8  
CONCLUSIONS 
This study was undertaken in order to gain a better working knowledge of the geologic 
factors controlling the hydrocarbon production within the Codell Sandstone in th Central 
Wattenberg Field, and use it as an analog for other similar basins around the world.  
• The Codell Sandstone in the Wattenberg Field was deposited below normal fair-weather 
wave base on a shallow marine shelf under low energy conditions.  
• Across Wattenberg Field, the Codell unconformably overlies the Greenhorn or Carlile 
Shale and is unconformably overlain by the Fort Hays Member of the Niobrara 
Formation.  
• The Central Wattenberg Field rests in the middle of the Wattenberg Geothermal 
Anomaly, and is overpressure due to intense hydrocarbon generation associated with the 
geothermal anomaly. 
• The Codell Sandstone within the study area has three distinct facies. Facies 1: extensively 
bioturbated clayey sandstone, facies 2: bioturbated clayey sandstone with discontinuous 
clay laminae and sand burrows, and facies 3: relatively well-sorted sandstone with low-
angle (hummock) cross-stratification. 
• Within the Codell there is a clear dual porosity system of larger pores and micro-pores. 
The larger pore system being created by intergranular and moldic porosity and micro-
pores created by partial dissolution of unstable rock fragments and feldspars. 
• A third porosity is present, however, it is variable. The presence of natural mic o-
fractures. These natural micro-fractures would create enhanced permeability within the 
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system, through connection of the pores. The micro-fractures were seen in petrographic 
thin section and FESEM, however not with any consistency. More research is needed in 
order to definitively explain. 
• Based on limited core and rocks sampled to date, the facies do not exhibit a clear 
relationship to observed porosity and permeability in the Codell. 
• Heterogeneous facies distribution in the Codell within the Central Wattenberg Field has 
little to no effect on the attractiveness of the sandstone as a drilling target.
• Barriers to flow within the Codell Sandstone are controlled by low permeability, 
stratigraphic compartmentalization, structural compartmentalization, and clay smearing 
in faults within an overall basin-centered, continuous hydrocarbon accumulation.  
• Authigenic clay is observed coating grains throughout the Codell and is the main cement. 
• Clay within the sandstone is both detrital and authigenic. Detrital clay is mixed with the 
sand through bioturbation. The other clays are authigenic by-products of dissolution of 
feldspar grains and lithic rock fragments.  
• Within Central Wattenberg Field the Codell Sandstone is classified as a “tight” o l and 
gas reservoir.  
• Permeability is low throughout the sandstone. Clay coating the pore throats is the likely 
cause for the low permeability. 
• The Codell is likely sourced from the Graneros and Greenhorn Formations below, and by 
the overlying Niobrara Formation i the Central Wattenberg Field. 
• The contact between the Codell and the overlying Ft. Hays is an effective seal ashown 
by Birmingham et al. (2001) testing the abrupt stress contract. 
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• Contact with natural fractures is important to the production potential of any Codell 
drilled well. Complex normal faulting has created structural compartments within the 
Wattenberg area.  
• Temperature and pressure anomalies coincide with increased production rates within the 
Central Wattenberg Field and are attributed to areas of intense hydrocarbon generation.  
• Horizontal drilling may be similar or slightly more expensive, on a per Boe produced, 
than a vertical well but it increases overall EUR for the field, and decreases the chanc of 
unsuccessful wells. Horizontal wells have a much higher chance of contact with natural 
fractures which will increase overall production and will have less surface impact. 
• Due to low permeability, and small pore throats hydraulic fracture stimulation is essential 
for economic hydrocarbon production.  
• Hydraulic re-fracture stimulation is successful in vertical Codell wells with over 4,000 
wells being re-fractured.  
• The success of re-fractures in the Codell is likely a combination f re-stimulating the 
existing induced fracture network and creating a new or newly oriented induced fra tures 
to more effectively drain the reservoir. 
• Low oil and gas prices have inhibited the Codell. However, with improved drill ing rates, 
and lower well costs, the Codell can still be profitable within the Central Wattenberg 
Field as evident by the 15 rigs still currently drilling in the area (Energent, 2016).  
• Continued drilling within the Codell will lead to millions of barrels newly discovered 
hydrocarbons, and increase total EUR for the entire Wattenberg area.  
• Horizontal wells come into contact with more of the reservoir than a vertical well, 
leading to production from areas previously considered “fringe” for vertical wells. 
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• Pressure and temperature gradients are subject to change with the inclusion of natural 
faults.  






CHAPTER 9  
RECOMMENDATIONS FOR FUTURE WORK 
• Obtain production and completion data directly from Exploration and Production 
companies currently drilling and completing wells within the Codell in the Wattenberg 
Field. 
• Study additional cores, and create facies distribution maps within the study area. Facies 
distribution maps could possibly show production patterns and expose to operators where 
they should be targeting the landing and drilling of their horizontal wells. Ultimately 
reduce drilling time and overall costs, while concurrently increasing producti n.  
• Work directly with Petroleum Engineers and uncover a better understanding behind the 
design and execution of the hydraulic fracture stimulations. 
• Incorporate a larger study area. By expanding the study area a broader understanding of 
the reservoir can be created, and used by more operators currently working within the 
area. 
• Integration of seismic data. In preparing this study there was no seismic data offered. 
Being able to incorporate seismic data would allow for a much greater understanding of 
the reservoir and the geologic factors that control production.  
• Gain access to geothermal, geochemical and pressure data in order to create more 
detailed maps that can begin to expose more patterns between those and production. 
• Obtain and test oil that has been produced from multiple Codell wells throughout the 
entire Wattenberg Field, establishing a more definitive conclusion as to the source of 
hydrocarbons for the Codell Sandstone. 
141 
 
• Obtain microseismic data from completion companies. Microseismic data can help to 
form a more well-defined understanding of the cause for the success of hydraulic re-
fracture stimulation and stress field orientation  
• Work more closely with employees at oil and gas companies active in the Wattenberg 
Field. Data on production, completion, and other invaluable information (as deemed by 
the operators) are extremely difficult to find due to their confidentiality stau . Working 
directly with the men and women whose job it is to drill and complete economically 
successful Codell wells within the Wattenberg area will lead to a far deeper 
understanding. 
• An integrated effort between petroleum engineering students, geological, geophysical, 
and economic students, which creates a combined study of the Wattenberg Field 
reservoirs and source rocks should be completed for a complete understanding. Though 
the logistics and funding as well as the company commitments would be difficult to 
manage, the project itself would be a great undertaking not only for the students 
participating and the school, but also for the companies involved. The students studying 
for their masters at Colorado School of Mines that are interested in joining the oil and gas 
industry would benefit so greatly from working in multidisciplinary teams and learn on a 
larger spectrum. The end result would be a complete reservoir characterization th  
potentially could become the industry and world standard for the future of the Codell 
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